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XIII.—ATOMIC DIMENSIONS. 


By R. G. Lunnon, M.A., M.Sc. 
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(Communicated by PRor. A. O. RANKINE.) 


ABSTRACT, 


The Paper deals with the diameters of the atoms of the elements, and compares the estimates. 
tained by various methods—viz., (1) Atomic volumes ; (2) X-ray analysis: (3) Viscosity of 
ises ; (4) Van der Waals’ equation and its modifications ; (5) Compressibility ; (6) Viscosity 
liquids ; (7) Viscosity of solutions; (8) Diffusion of ions; (9) Mobility of ions in solu- 
ons ; (10) Latent heat of solution ; (1 1) Speculations as to atomic laws of force ; (12) Scattering 

X-rays; (13) Bohr’s theory in the case of the hydrogen atom ; (14) Ionisation potentials : 
5) Band spectra ; (16) Chemical constant ; (17) Optical rotation ; (18) Molecular films ; (19) 
angevin’s theory of diamagnetism ; (20) Impacts of a stream of electrons on gas molecules ; 
1) Density changes in permutite ; (22) Melting points of solids. 

The results obtained by these methods, of which an extensive bibliography is given, are 
itly accordant, and their mean shows that the addition of an inner electron shell gives an 
crease in diameter of roughly 0-5 


+ STIMATES of atomic and molecular dimensions have now been made in upwards 
~ of thirty different ways, and it is the purpose of the present Paper to collect 
ad compare their results. The atomic volumes and X-ray crystal data will be 
pnsidered first ; next the many other methods, each of which is applicable to a few 
ements only ; and finally the results of these methods are compared, taking the 
ements in groups. The results are shown graphically in each case, and a complete 
iscussion of their relative merits is omitted, for brevity. Complete references are 
ven at the end of the Paper, and a fuller comparison of some of the methods may 
e found in a summary by Herzfeld. 

The most extensive contribution to this subject has been the application of 
“-ray crystal analysis, and a partial summary of its results has been given by W. H. 
ad W. L. Bragg.“ In two different curves, the values of the “atomic radii” or 
‘radii of combination,” have been given for a large number of elements, and the 
arallel between these and the atomic volumes has been suggested. It is of value 
» re-state first the data of the Lothar Meyer curve of atomic volumes. The volume 
vailable for each atom of an element is easily calculated when the density of the 
ement is known, and the cube root of this quantity is a measure of the diameter 
> be ascribed to the atom, if the atoms were packed as cubes, or as spheres in a 
mple cubic lattice. These figures have been re-calculated, and are presented in 
‘new form (similar to that of the curves given by Davey) in Fig. 1. The arrange- 
nent of the elements in steadily increasing atomic number is broken so as to give 
je same abscissa to all elements of the same group; this means that the cube root 
f the atomic volume is plotted against the valency, with a special extension for the 
mg periods. The value of this method is that it shows very clearly the regularity 
f the variation in atomic dimensions—a regularity which has greatly improved 
5 more reliable data have become available. Of the 90 known elements, 18 have 
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not been measured, and all the rest except two (nitrogen and arsenic) follow the ~ 
rule of increasing in “ size ” within their groups and are recorded in the figure. The 
curves cross each other only on the rare earth branch, when these two are omitted. ; 


bi 


Au 


al a =2 Ca Oo tof +2 es 


Fic. 1—Cuzsg Roots or A’romic VOLUMES. 


ee some parts of the curves the curves are exactly parallel. Biltz) has pointed out — 
that the two following relations hold for consecutive elements :— 


ih Atomic vol. of halogen=0-8015 » at. vol. of rare gas. 
2. Atomic vol. of alkali=1:823 x at. vol. of rare gas —6-10. 


The figures are certainly not final, chiefly because they are derived from densities | 


ee 
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neasured at various temperatures. Pierucci,) in pointing out that the density at 
jhe absolute zero should alone be used in these calculations, estimated that reliable 
lata could only be given for 29 elements. Some careful estimates of “ zero density ” 
ivalues have since been made by Herz,“ using Lorenz’s formula, and these we have 
included in our data, which therefore differ from the best earlier table, that prepared 
iby Stefan Meyer) in 1915. 

It is easy to pass from the volume of the space occupied by each atom to the 
(volume of the atom itself, if the shape of the atom is assumed and the type of atomic 
pecking is obtained by the methods of crystal analysis. Assuming a spherical atom, 
la fraction? 0-52 of the total space is taken up by the spheres if the lattice structure 
.s a simple cubic one, 0-68 for a body-centred cubic lattice, and 0-74 for a tetrahedral 
jor a face-centred cubic. It follows that the data of Fig. 1 can be used to give the 
[comic diameters, for the figures need, e.g., to be multipled by ~/0-68/0-52 or by 
18/0-74 /0-52—i.e., by 1-09 or 1-12—according to the crystal lattice. The curve of 
atomic diameters must therefore be similar to that of Fig. 1, for although the different 
types of lattice do not occur with a regular variation through the groups of elements, 
iyet the difference between the factors for different lattices is very small. The actual 
results of X-ray crystal analys’s are given by the curves of Fig. 2, and their share 
‘confirms the above indication. 

The assumption of sphericity in the atoms is unnecessary in the X-ray analysis, 
and the figures refer to the distance of nearest approach of two atomic centres, and 
his corresponds to a diameter. Only 40 of these are as yet available for elements 
fin the crystalline state ; they have been collected by Bragg,“ Wyckoff, Davey 
land Scott.“ 

There are hardly any data of this kind for electronegative elements, and estimates 
of their size have to be made from polar compounds.“ In these it is now clear 
that the atom does not behave as though it were a sphere of constant size ; the 
space which it occupies, as an ion, depends upon the other elements with which it 
is combined. The atomic radius is not exactly an additive property in compounds. 
This is particularly clear in the complete set of figures for the alkali halides given 
by Havighurst,“?) for which an accuracy of one-tenth per cent. is claimed. It is 
sometimes useful, however, to retain the idea of the spherical ion, and Bragg retains 
the term “radius of combination.” What is actually measured is the distance 
between the centres of two neighbouring ions of different kinds, and further deduc- 
tions involve further hypotheses. Examples of two different views at this point are 
given by Bragg and by Davey, and Fig. 2 contains both sets of results. 

For the most part, these curves run in rough similarity with those of Fig. 1. 
There is a striking difference, however, in the rising arms, for crystal data assign 
to the ions of the sulphur group elements and to the halogens a very much lower 
diameter than would follow from the atomic volume figures. This is probably due 
<o the atom sharing electrons with its partner in the compound, and so approaching 
it more closely.) For the electro-positive elements, too, the ions in compounds 
are smaller than when free. The atoms of Ca in the pure metal are 3-93 A. in 
diameter, and the ions of Ca in lime are 3-42 A. 

Similarly, in organic compounds the ionic sizes are not constant. Aminoff) 
records the measurement of the hydrogen diameter in two hydroxides as 1-15 in 
one and 1-05 A. in another. 

It has been stated by Davey) that the descending arms in Fig. 2 are exactly 
12 
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parallel. There are, however, many exceptions to this rule, and the anticipation 


based upon it cannot be given much weight. P 
A ae explicit relation of similar type has been given by Scott,“ and relate 


to the inter-atomic distance in the crystal lattice. This distance, d, is held to 


Fi -3 oA -/ e) +/ +2 3 hy 


Fic, 2.—“‘ DIAMETERS” oF ATOMS (IONS) IN CRYSTALS, RECORDED BY BRAGG, WITH a 
NUMBERS, Do?Trrep LINES DUE TO DAVEY. 


{ 
determined solely by the atomic numbers N, and N, of two neighbouring atoms, 
and an empirical relation is suggested : ; 

d=a log (N,—N.)-+0. q 

It is, indeed, possible to obtain an approximate logarithmic expression for the 
shape of the descending parts of the Bragg curve (for the first four elements following 
each peak), but this cannot be of much significance, and it is impossible to retain the 


hypothesis of constant atomic “ radii” in even its useful approximate form if this 
formula is accepted. j 
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METHOD 3.—GAs VISCOSITY. 


- The work of Chapman,“*) Rankine,“ and others is well known, and has set 

his method on a very sound footing. It leads directly to the mean area offered 

»y gaseous molecules in elastic collisions between themselves, and the diameters 

{the molecules can be obtained if their sphericity is assumed, from the formula 
0-347 oV 


2 = a 

~Ny(1+S/T) 

“his only provides atomic data in the case of the monatomic gas. Rankine”) has 
‘xamined the possibility of connecting the diameter of the atom with the size of its 
molecule. He has also considered the variations in molecular size in series of com- 
pound molecules—for example, the effect of the hydrogen protuberance in the suc- 
essive hydrides of a series is now clear; but it is not yet possible to estimate the 
separate atomic sizes.* Some molecular results are recorded in Figs. 3 to 6; the only 
i diameters are 


i; He, 1-89 ; Ne, 2°35; Ar, 2-87; Kr. 3:19; Xe, 3-51 (allin A.U.). 


METHOD 4.—EQUATIONS OF STATE. 
The value of the co-volume 0 in the Van der Waals equation of state can be 
obtained for a dozen elements, both from their critical constants and from their 
behaviour in the gaseous state. Its interpretation rests upon similar hypotheses 
* those of Method 3, but here the spheres of action are measured, not the mean 
t 


ollision areas, and the reduction from molecular to atomic data is sti]l more uncer- 
tain. Chapman’s analysis leads to excellent numerical accord in the values of the 
diameter between the two methods. “!9 « 20) 
| Similar calculations have been based upon the form given to the equation of 
state by Kamerlingh Onnes, and have led to estimates of atomic diameters by 
Debye,?) Keesom,?) and Zwicky.@*) In their work, however, the atomic fields of 
force are more explicitly considered, and as these are probably known with less 
certainty than the atomic dimensions, the results are of less value for our present 
purpose. Zwicky calculates that the diameter of the helium atom, from the obser- 
vations at low temperature, is 2°78 A., and at 20°C. it appears to be 2-25 A. ; it is 
more probable that the thermal motion has been inadequately allowed for in the 
theory than that the equivalent size changes in this proportion. 
Results : 

(Chapman) He, 1:96; Ar, 2:85; Kr, 3-14; Xe, 3-42. 

(Pease)? Ne, 2.37; Ar, 2-93; Kr, 3:15; Xe, 3-43. 


METHOD 5.—CoMPRESSIBILITY. 

The measurements by Bridgman of the compressibility of the alkali halides 
have led Richards® to some important estimates of atomic size. The pressure 
volume law for the solid salts is found to contain a ‘‘ co-volume ”’ term 8, from which 
the sizes of the molecules may be deduced. Further, and with more accuracy, the 
degree to which contraction occurs as the various chlorides are formed is found to 
be connected in a simple way with the compressibilities of these salts, and the figures 


* Some progress in this direction is recorded by Lorenz,'®) in confirmation of Schroder’s 
law for the addition of atomic volumes, in a considerable number of large molecules. 
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permit a clear separation of the contraction in the alkali from that in the halogen. 
Since the usual atomic volume is well known, the volume of the ion is readily obtained. 
It increases slightly with the size of the ion with which it is combined—e.g., the 
caesium ion has an equivalent diameter of 3-66 A.U. in its chloride, 3-69 A.U. in the 
bromide, and 3-82 in the iodide. The halogen ions are constant in volume. The 
results are for equivalent diameters in Angstrom units : 


Cl, 2-8: Br, 3-1; I, 3-4; Li, 2-3-2:6; Na, 2-9-3-1; K, 3-5-3-7 ; 
Rb, 3-8-3:9; Cs, 3-7-3°8. 


METHOD 6.—VISCOSITY: OF LIQUIDs. METHOD 7.—VISCOSITY OF SOLUTIONS. 
METHOD 8.—DIFFUSION OF Ions. METHOD 9.—MOoBILITY OF IONS IN SOLUTIONS. 


Jager2® extended the ideas of the kinetic theory to the viscosity of liquids, 
considering the molecules so closely packed that the free path was simply the mole- 
cular “‘ diameter.” The conditions involved in his analysis are best satisfied by 
mercury, and for this liquid (and this only) the result is of the right order—d=3-58 A. 

Measurements of diffusion must lead to dimension data, but at present the only 
path available to this end is to assume that the diffusing molecule is a sphere, and 
that it moves against a resistance given by Stokes’ law. LEinstein’s®” use of this 
idea for the large molecules of sugar, both in their influence on viscosity in solutions 
and in their diffusion through organic liquids, is probably sound ; its application 
for small molecules is very doubtful. Surprisingly good results follow, however, 
at the hands of Lorenz,@*) who uses Wogau’s figures for the diffusion of alkali atoms 
through mercury. Smith®® has shown that the ions, and not the atoms, are here 
being dealt with. 

The treatment of the mobility of ions in solution follows a similar path, also 
first trodden by Lorenz with quantitative success ; but when water is the solvent 
many special difficulties arise, probably because of the uncertain amounts of hydra- 
tion, Walden®®) has examined a specially long series of solutions in organic liquids, 
and applied to them a form of Einstein’s result—viz., 


15-96 x10? 
bn 
where wis the velocity of the ion and 7 the viscosity of the solutien. Some of the 
ionic diameters for so]utions in methyl alcohol are : 
H, 1-11; Cl, 2-49; Br, 2-39; I, 2-42; Li, 4:52; Na, 3:48; Rb, 2-24; Co, 2: 


These are in descending order of magnitude, and suggest that the smallest ions are 
most surrounded by attached water molecules. Born’s‘?!) able attempt to carry the 
theory of the electric forces on molecular dipoles into this domain does not yet lead 


to probable values for the ionic diameters, although the results are now in the right 
order : 


22, 


Li, 0-90 ; Na, 1:02; K, 1-34; Rb, 1-54; Cs, 1-66. 


METHOD 10, 


_ An extension?) of the same ideas to the energy released when a free ion dissolves 
in water does, however, yield reasonable values. This energy involves the electro- 
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static field of force of the solvent molecules, and the size of the ion governs the extent 
to which it enters into this field. It is remarkable that the ionic radius of action 


as thus specially defined should accord with the usual values. Some results appear 
in Fig. 3. 


ae tt 19 Oy G55 


Fic. 3.—AtTomMIc DIAMETERS OF GRoUP I ELEMENTS. 
C.E. : Crystal element (Hull). 
C.1. ; Crystal ion (Bragg). 
Perm. : Permutite (Giinther-Schulze). 
D. : Diffusion in Hg (Lorenz). 
A.V.: Atomic volume—cube root. 
H.: Hydratation (Born). *) 
k : Compressibility (Richards). 
V : Ionisation potential (Saha). 
u.: Molecular refraction (Wasastjerna). 


METHOD 11. 

The electrostatic theory of crystal structure due to Born*) and Lande, and the 
contributions of Debye®4) towards a more satisfactory electromagnetic theory, lead 
to values for the ionic radius of action. The former deals with a cubic packing, or, 
in the form adopted by Bohr,®) with a tetrahedral unit. Consistent values are 
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only obtained if the positive and negative ions in the molecule are about the same 
size. Monovalent atoms have been examined by Fajans®® and Herzfeld, divalent 
by Grimm, ®”) and in these lengthy calculations the repulsion, according to the inverse 
ninth power law suggested by Born, is supplemented by a repulsion term of the 
inverse fifth power, representing in greater detail the influence of the charges in the 
anion upon those of similar size in the kation. The results are diameters varying 
in the usual way from one member to another within one group, but all of them 
much smaller than other methods suggest. Grimm’s results are : 


F, 1:50; Cl, 1-90; Br, 2:04; I, 2:24; Ma, 1-04; K,1-58; Rb, 1-92; 
Cs, 2:14; Mg, 0-78; Ca, 1:34; Sr, 1-74; Ba, 2-14. 


It is clear that here, too, the law of force and the atomic size are inextricably 
mixed at present, and until further experiments on the variation of compressibility, 
er of crystal lattice-distances, with temperature, are available this method cannot 
give reliable information about atomic sizes. It is much better used as a guide to 
atomic fields of force, and, in particular, may soon lead to an estimate of the relative 
contributions of the Born and the Debye forces. 


METHOD 12. 


The study of the scattering of X-rays has led, incidentally, to several estimates 
of atomic diameters. The best appears to be a result for the diameters of the orbits 
of the outermost electrons in the sodium and chlorine ions, due to W. L. Bragg‘*®) 
and others: Na=1-40, Cl=2-90. 


METHOD 13. 


Bohr’s theory of atomic structure leads directly to the size of the hydrogen 
atom, and to no other. The diameter of the electron orbit is 


h? 


eae ee A. 


The diameter of the positive helium ion should be one quarter of this. Landé’s(8®) 
calculations of the rare gas atomic structures and sizes rests on bases now believed 
to be faulty. 


METHOD 14.—IONISATION POTENTIAL. 


A simple description of the mechanism of ionisation has been suggested by 
Eve“ and by Saha.“ The detached electron is assumed to move in a circular 
orbit, and the work required to remove it is inversely proportional to the orbit 
radius, if the influence of other electrons is neglected. Eve showed that the present 
meagre data suggest that the factor of proportion varies from group to group among 
the elements in a regular manner. The figure obtained by the method of Saha for 
the atomic diameter is a little low for Na, K, etc., lower for Ca, Ba, etc., and much 
too low for the rare gases, which also suggests that an allowance is required for the 
other electrons in the outer ring. Some results are shown in the graphs ; others 
are: 

Zu, 1:54; Cd, 1-61; Hg, 1:39; Tl, 1-98; Pb, 1:82: As, 1-95: 
Pb, 1-10 ; He, 0-57 ; Ne, 0-90; Ar, 1-12. 


a 
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METHOD 15. 


The refractive indices of gases and of aqueous solutions have been examined 
independently by Heydweiller“* and by Wasastjerna.“*) The former used Kelvin’s 
idea of the electron displacement within a sphere of positive electricity, and the 
latter applies asimilaridea tothe Bohratom. Itis assumed that the electric moment 
of the molecule is proportional to the volume of the atom; and the estimates of 
atomic diameters—which are of the right order—refer to an equivalent sphere, as 


ie 12 20 38 56 


Fic. 4.—AtomMiIc DIAMETERS OF GRouP II ELEMENTS. 
B-L. ; Crystal lattice theory (Born-Landé). 
C.1.: Crystal ion (Bragg). 
P.: Permutite (Giinther-Schulze). 
A.V.: Atomic volume—cube root. 
u: Molecular refraction (Heydweiller). 
V : Ionisation potential (Saha). 


in the Mosotti theory, of electric moment equal to that of the real atom. For dilute 
solutions the effect is an additive one for the ions concerned, and hence the ionic 
“diameter” is determined. The results are shown in Figs. 3 to 6. The agreement 
of these figures with other estimates has been shown indirectly by Calthrop,“¥ who 
has compared the values of —1 with the cubes of Bragg’s figures, and shown that 
their ratio is a constant in any one group. . 
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Metuops 15 AND 16.—BAND SPECTRA : CHEMICAL CONSTANT. 

Molecular moments of inertia have been very satisfactorily calculated¢? from 
the infra-red spectra of several gases (Hy, Oz, Nz, HO, HCl, etc.), and confirmed by 
Kratzer’s“®) application of a theory of the fine structure of the bands. The same 
is true of the values deduced by Langen“® from the values of the chemical constant, 
based on a statistical sum of molecular energies, though here the experimental 


“Molecule (7) 


~Maleceyn. 


o Molecule(b) ..” 
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Fic. 5.—ATOMIC DIAMETERS OF GROUP VII ELEMENTS. 
u.: Molecular refraction (Heydweiller). 
k : Compressibility (Richards). 
B.-L. : Crystal lattice theory (Born-Landé). 
C.I.: Crystal ion (Bragg). 
A.V. : Atomic volume—cube root. 


results are much less accurate. In both cases i 
h le : ses the molecular diamet 
be smaller than is given by other methods. 7 ee 


METHOD 17. 


wel i is ane that the amount of optical rotation of a molecule may be con- 
ed with the ionic dimensions. It has been pointed out by Brauns“®) that the 
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‘effect of replacing one halogen by another, in various glucose and xylose compounds, 
jis to alter the molecular rotation by an amount proportional to the difference between 
ithe atomic diameters of the two halogens. It is suggested that the dimension of 
ithe halogen atoms determines the amount of asymmetry in the molecule, and this 
| the rotation. The suggestion has not been further applied. 


METHOD 18.—MOLECULAR FILMs. 


| Many estimates of the dimensions of large organic molecules have been made 


He Ne Ay Ky Xe 


Y2 !0 18 36 oh 


Fic. 6—ATOMIC DIAMETERS OF RARE GASES. 


u.: Refractive index (Wasastjerna). 

b: Equations of state (Chapman and others). 
CX: “ Crystal ion ” (Davey). 

7 : Viscosity (Rankine). 
A.V. : Atomic volume—cube foot. 


by the film method, notably by Pockels and Rayleigh in the last century, and by 
Langmuir, Harkins®) and Hardy) recently. The available methods are at 
present restricted to these large molecules, and, as comparison with the atomic 
dimensions is impossible, it is only necessary here to say that they in no way conflict 
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with the other data. For instance, the dimensions of the molecule of sodium oleate, 
as carefully estimated from surface tension experiments by du Noiiy,) are, in thre 
directions, 6-64 A.U., 7.56 and 12-30 A.U. 

One set of measurements on inorganic substances deserves mention, that by 
Devaux) (repeated by Marcellin).6 It was shown that unimolecular films of 
several sulphides and of Ag I could be obtained. For CnS the thickness was 
2-7-3-1 A., which is in good accord with the results of later methods. 


MetHop 19.—MAGNETIC THEORIES. 


Langevin’s theory of diamagnetism leads to a connexion between the sus 
ceptibility and the total area of electron orbits within the atom. This latter quantity 
can therefore be deduced from experimental data, and if the number of circulating 
electrons is known the diameters of their orbits may be estimated. Pauli®® (an 
before him Cabrera) have not found that the results are good, but the deductions 
made by Young®® are of the right order for elements. In calculating the con- 
tribution of each orbit to the total diamagnetism, Young used the Bohr ratios for 
the orbital radii, in one case, and replaced the shells of the Langmuir atom b 
equivalent orbits in a second case ; the results are similar in both cases. 


METHOD 20.—ELECTRON STREAM IN A GaAs. 


The number of electrons which encounter molecules in passing through a gas 
is a measure of the molecular size.©”) Some gaseous molecules,©*) as O, and CO,, 
appear to possess a special affinity for electrons which renders the calculation of their 
sizeimpossible. Further, for the gases chiefly studied, He, Ne, H,, No, the measured 
size depends upon the speed of the electrons, and reaches a permanent maximum 
value as this speed falls.®* 6) In the case of He and Ne and N, this final value is 
in fair accord with the results from viscosity measurements. For Kr and Xe Ram- 
sauer'®)) concludes that the effective atomic cross-section increased from one seventh 
of the expected value up to five times this value, as the velocities of the electron 
stream rose from 0-7 volts to 10 volts. Deductions of atomic size are therefore at 
present impossible. 


The bombardment of molecules by a stream of silver atonis has not yet yielded | 
good results on this point, by reason of the great experimental difficulties. 


‘ 

METHOD 21. 
Some interesting calculations have been made by Giinther-Schulze“*) after 
measuring the densities of different forms of permutite. In this complex and artificial 
silicate one ion may be replaced by another in regular order, and the consequent 


changes in molecular volume are a measure of the differences in the volumes of the 
substituted ions. 7 


Results : 
Li, 3:26; Na, 3°78; K, 4:30; Rb, 4:74; Mg, 2:92; Ca, 3-38; 
Sr, 3°66 ; Ba, 4:14; Ag, 3:56. 
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METHOD 22, 
Lindemann) has suggested that a solid melts when the amplitude of its heat 
vibrations is such that neighbouring atoms collide, and this leads to good results 
or many metals. 
r CONCLUSION, 
The chief numerical results are collected and shown in Figs. 3to 6. The accord 


Adding Electrons 
inQuter Shell 


(Gees) So) IS. 6 IS) 5 


Fic. 7.—MeaN ‘“‘ ATOMIC DIAMETERS’ FOR ELEMENTS OF ALL GROUPS. 


between the different methods is, on the whole, very promising. Finally, in Fig. a 
a rough mean has been taken from the preceding figures, and the variation in size 
throughout the groups is presented in a way which shows both the increase in size 
as the number of electron “‘ rings ”’ or “ shells ”’ is increased, and also the contraction 
which goes on as the number of electrons in the outer ring isincreased. The figures, 
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j 
for the electronegative elements rest necessarily too much upon two methods only ; | 
and they do not settle the most interesting question—whether the contraction — 
continues up to the seventh group, as shown, or whether the increase which is striking © 
in the 8th group really. commences with the 7th or the 6th. There is evidently a 
parallelism among the groups ; and the effect of adding an inner shell is an increase © 
in diameter of, roughly, 0-5 A. in every case. 
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DISCUSSION. 


Prof. A. M. TynpDAtt,: The Paper is a very useful summary of experimentai data. At the 
aime time it would be more valuable if an account of the recent important theoretical work 
of Lennard-Jones could be incorporated in it. On modern theories one must emphasize the 
lifference between atomic and ionic sizes. For instance, the position of sodium in a table of the 
limensions of the various elements is different according to whether one is thinking of the 
uncharged atom or of the positive ion. The atomic volume results refer to the former, and 
Wasastjerna’s to the latter. Consequently, therefore, the “ average ”’ 
‘an hardly be regarded as having a real physical significance. 

Dr. J. H. VINCENY’ said that in Fig. 1 the straight line representing the rare earth elements 
s marked with a reference to the element 72, which thus occurs twice. It would be better to 
substitute ‘71’ in this figure. The graph could be more conveniently drawn to logarithmic 
scales ; this plan would facilitate certain adjustments in the case of the ordinates, and in the case 
of the abscissee (valencies) it would obviate the necessity for an arbitrary change of scale for the 
ong periods. The negative valencies could”be represented by the logarithms of the valency 
aumbers plotted leftwards from the origin. 

Mr. J. E. Carrurop : In such an extensive list of references, I think some mention might 
be made of a Paper on «Molecular Diameters,’ by H. Sirk (Phil. Mag., 49, pp. 708-711, 1925). 
The diameters for a number of substances are calculated from latent heats of vaporisation, 
and the values obtained appear to be about 1-37 times the corresponding values derived from 
the Kinetic theory of gases. The result for Argon is a diameter of 3-6A. in good agreement 
with 3-8A. found from X-ray measurements on crystal Argon by Simon and Cl. v. Simson. 
Both these values are greater than the value given in Fig. 7 of Mr. Lunnon’s Paper. 
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values given in Fig. 7 
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Prof. ‘If. H. Lasy said that, since modern views of atomic structure preclude us from regarding | 
the atom as an elastic sphere, the diameter measured by each method is really a different quantity ; 
the differences between the results obtained represent real physical differences, and not experi- | 
mental errors. X-ray measurements are accurate to 0-1 per cent., and even observations on gas : 
molecules give an error less than the differences between the results obtained by different methods. 
It is, therefore, incorrect to take a mean value of all the results. hs ! 

‘Dr. GEOFFREY Martin: This Paper appeals to chemists as well as to physicists. In fact, 
many of the Papers read before the Society are of considerable chemical interest, and I think 
it rather a pity that the dates of many chemical functions overlap those of physical meetings, and — 
make it a difficult matter for anyone to attend both series of meetings, especially as I think that — 
chemists and physicists should co-operate together more than they do. Recently I have been 
carrying out researches on the fine grinding of quartz sand. I have measured the weights, 
diameters and surfaces of both very coarse and very fine particles, and have proved that they f 
possess the same average shape. One curious practical application of molecular dimensions i 
is that they can be utilised for determining the mechanical efficiency of grinding machinery 
in absolute terms. One imagines the power to be reduced to molecular dimensions. Then | 
the work theoretically required to do this is the total heat of volatilization. By assuming a 
straight line law and measuring the power absorbed in the actual grinding operations, I have 
shown that the efficiency of the tube mill is only about 1/15th per cent. 
When reading the Paper I was reminded of work that I carried out as a young man over 

| 
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20 years ago. ‘The periodic table of Mendeleef was used as a base, and from each element an 
ordinate was erected proportional to the chemical attraction it possessed for any one atomic 
species (as measured by the heat of formation or decomposition of its chemical compounds with 
that atomic species). In that way a series of surfaces was obtained, one peculiar to and charac- i 
teristic of each elementary substance. It was proved that chemically similar elements produced — 
similarly shaped surfaces, and therefore two elements were chemically similar when they exerted, — 
not equal, but proportional forces on the same elementary atoms. Also that when any element 
(say iron) entered a different valency state it produced a different surface. So that when an 
element changed its chemical forces it changed its chemical characteristics. Consequently the 
properties, both chemical and physical, of an element were decided entirely by the forces it~ 
exerted. Two elements would possess the same properties and could replace each other (no ~ 
matter what their atomic weights were) if they exerted the same forces. } 

Dr, P. E. SHAw (communicated) : In Papers before the Physical Society (1900) and Royal — 
Society (1905) I showed the possibility of setting two surfaces at the small distance apart of 
0-5x10-7mm. These distances, which were measured by the electric micrometer and telephone, 
are little, if any, more than the atomic dimensions of the metals of which the surfaces are made. 
I have not been able to follow up the curious effects audible in the telephone when the electric — 
discharge occurred between the surfaces, which had been maintained as some very small P.D.— 
The sounds heard were peculiar for certain metals, notably lead. It seems to me that some use 
might be made in present-day sub-atomic research of this method of obtaining a very small gap | 
or slit. 

Avutuor’s reply: It is clear that a different atomic dimension is measured by each of © 
the methods referred to in this Paper, and that it would be wrong in principle to claim any 
absolute significance for the lines of Fig. 7. Nevertheless the surprising similarity between — 
the result of different theories makes it very probable that the diagram is on sound lines in — 
its suggestions as to the variation of size from atom to atom within each group, and from group 
to group ; and its only purpose is to show the trend of these variations. The Paper affords 
evidence that the variations are similar whether ions or neutral atoms are considered. A 
discussion of the exact meaning of ‘ diameter *’ was purposely excluded from this brief survey, 
and for this reference must be made, for example, to the Papers of Lennard-Jones (Proc. Roy. 
Soc., 109, 476, 1925, and previous Papers) 
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XIV.—ON EDGE-TONES (I). 


By W. E. Benton, B.Sc., University of Birmingham. 
(Communicated by PRor. S. W. J. SMITH, F.R.S.) 


ABSTRACT. 
An edge-tone is heard when a stream of air issuing from a slit or hole strikes a sharp edge, 
it surface bounded by sharp edges. A brief description i is given of previous work, and it is shown 
he the eddies which give rise to edge-tones conform to a simple Karman vortex-system. On 


lhe assumptions (1) that the distance a from the edge to the slit is always equal to /, the distance 
etween two eddies in the same row, and (2) that tone is destroyed when the edge—when moved 
.cross the jet towards still air—crosses the line of eddy centres, one can measure h/l, where h 
the separation of the eddy-rows, directly from measurements of the boundaries for tone. From 
he experiments it is found that at low pressures and with wide slits h/l, for air, =0-276, which 
ay be compared with v. Karman’s prediction of 0-283 for an infinite system in a perfect fluid. 
If the edge is moved towards the slit, #, the separation of the eddy-rows, must decrease 
proportionally. The experiments show that when the eddies are formed very close to the edges 
pf the slit, and therefore in a field of high velocity-gradient at right angles to the direction of 
eeion, they are deflected towards the middle, or principal, plane of the jet. The amount of 
chis deflection increases very rapidly as @ approaches a, at which distance tone can only be 
obtained when the edge lies in the principal plane. The experiments show that with wide slits, 
when a@=d,, then ee h=0-67d, where d is the width of the slit. The minimum distance for 
pone, a, varies with the velocity v, and the width of the slit. 
The results suggest an equation of dynamic similarity :— 


| s a (5)=(4) —1 


where B is a number (about 2,000 for air) and vy is the coefficient of kinematic viscosity. By 
-onsidering the acceleration that produces the deflection, an expression of somewhat similar 
orm can be obtained theoretically. The tonal boundaries in the region of simple tone approach 
swo straight-line asymptotes, equally . inclined to the principal plane, which converge at a point 
) near the plane of the slit. If @and a denote the distance of the edge and the minimum distance 
‘or tone respectively from 0, the total separation, y, of the two boundaries at any distance @ is 
siven by the equation :— 


= _ —m*(a?—dy?) 
Y=>A—— Ae 
Lo 


vyhere 1/m is approximately equal to d, when the slit is very wide. The measurements of the 
‘requency of the tone and the deductions made from them will form the subject of a subsequent 
communication. 


A. INTRODUCTION. 


TBE natural frequency of vibration of a body of air contained in a pipe or 

resonator may be excited by blowing gently across the aperture—in the case 
»f a pipe, across the open end. It was ey believed that the action of the air-jet 
was similar to that of a clock-escapement, the motion depending essentially on the 
issistance of the air contained within the resonator. Recently it has been established 
hat the origin and maintenance of the tone of a flue organ-pipe are due to the natural 
vibration, about the rigid upper lip, of the thin stream of air issuing from the throat 
Kernspalt). The investigation of this natural motion, when remote from the 
nfluence of a resonator, comprises the study of edge-tones. The general charac- 
eristics of edge-tones were first described by Sondhauss, and his results have been 
peated and extended by Hensen. Weerth, Wachsmuth and Kreis. They noted 
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that the edge must be parallel to the plane and to the direction of length of the slit, 
and should be in the middle of the air-stream, in what we may call the principal 
plane of the jet. ; 
When the edge is very close to the slit, no tone 1s obtained. Ata distance Ay 
_ (dependent on the nature of the gas, the width of the slit and on the velocity of the 
jet) a note suddenly appears, of a pitch dependent principally upon the velocity 
and the value of ay. As the distance is increased the pitch of the note falls steadily 
until at a distance a, the note suddenly “ jumps” to its octave. As the distance | 
is still further increased the frequency again falls, until at a distance a, it jumps” 
suddenly to the “fifth” above. Subsequently, at a3, there occurs a jump of one- 
fourth, and under certain conditions six or eight of these breaks may be detected. 
In 1912, W. Kénig, using Gdller’s experimental work at Rostock, suggested that the 
frequency 2 of an edge-tone is given by the formula : 
_w 
” 9a | 
where v is the total quantity of air per second, leaving each sq. cm. of the slit; a 
is the distance of the edge from the slit, and | 


from Ay to ay s==] 
a, to a, r=2 
a, tO as 1=3, etc. . 


Konig tentatively suggested that 


a, a, a 
== ~=-, etc. 


2.34 


The difficulty of measuring air-velocities led Schmidtke to prefer the use of a 
jet of water, issuing into water, and his observations show that KG6nig’s formula is” 
approximately true for water. . 


B. APPARATUS. 


In commencing the present work, it was decided to preserve the following 
conditions :— 

(1) The air-jet to issue from a region of still air. 

(2) The jet to leave the slit perfectly smoothly. 

(3) The jet to be normal to the plane of the slit. 

(4) To avoid possible distortion of the streamlines by allowing the presence of 
no large object near the jet. 

(5) The edge to be rigid and sharp. 

(6) The approach to the slit, from inside, to be streamlined, so that the jet 
undergoes no contraction after leaving the slit. 

(7) The air-pressure and the slit-width to be adjustable. 

(8) The edge to be able to move in directions parallel and perpendicular to the 
central (or principal) plane of the jet. 

_ The apparatus shown in Fig. 1 adequately fulfils these conditions. Compressed 

air is admitted through the tap A into the wind-chest B. The turbulence produced 
at the top is destroyed by passing the air through a sheet of fine wire gauze at C. 
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'To prevent the formation of any central stream of rapidly moving air, the centre 
of the sheet is blocked out with solder. The cross-section of the box (900 sq. cm.) 
,is so great compared with that of the slit—seldom more than 1 sq. cm.—that the 
| air in the box may be considered at rest. The vertical water manometer, introduced 
mid-way in the length of the box, may therefore be considered to read the actual 
| excess pressure to which the velocity of the jet is due. The corners of the box on the 
) forward face are covered inside by a metal cone which prevents the formation of any 
|“ dead-space ”’ in which large eddies might easily arise. All other edges are similarly 
)removed, so that the air approaches the slit, formed between two polished brass 
| edges, in easy streamline motion. The inner edges of the slit are bevelled, so that 
| eventually the air leaves normally to the plane of the slit. The length of the slit 
jis 10cm.* The edge to be introduced into the air-stream is of mild steel, bounded 
i by two polished plane faces enclosing an angle of about 5°, mounted at the end of a 
| long iron bar (1 ft. in length by 4 in. square), fixed rigidly to the movement carriage. 
| It was considered necessary to remove so large a mass as that of the movement 
| carriage from the vicinity of the jet, and the bar supporting the edge, though long, 
was strong enough to resist vibration. The movement carriage, which was firmly 
| fixed to the table, enabled the edge to be moved in directions perpendicular and 
| parallel to the principal plane of the jet, with an accuracy of movement of about 
|0-001 cm. in either direction over distances of about 1 cm. Very small distances, 
| such as those occurring in the tonal-boundary measurements, could be estimated 
| to 0-00025 cm. The total possible movement was some 20 cm. perpendicular to, 
}and 10 cm. parallel to, the principal plane of the jet. 

This process of removing all sources of complication and error, however, also 
) removed the most interesting characteristic of the edge-tones studied by Wachsmuth, 
|mamely, the succession of breaks in the tone as the distance of the edge from the slit 
jincreases. Using a narrow slit, and moving along the principal plane, a bright 
'elear tone appears at a distance a=a). This undergoes small variations in quality 
as the distance increases, the bright octave quality changing gradually to an almost 
| pure tone, and thence to an unpleasant nasal sound. The nasality increases rapidly 
| as a approaches a value a,, when a harsh discordance suddenly appears. Here the 
/former tone can be recovered, somewhat thinner in quality, by moving the edge 
slightly across the jet. In the present experiments measurements have been confined 
to the simple region of comparatively pure tone. 


C. THEORY. 


Wachsmuth’s ‘‘ Schlierenbilder ’’ show that in the first interval (@<a<a,) an 
eddy on the left-hand side of the jet is about to pass the edge when another on the 
same side is being formed at the slit, while on the right-hand side a third eddy lies 
half-way between the slit and the edge. The period of oscillation is the interval 
‘of time between therelease of two successive eddies on the same side of the jet—e., 
for this particular state the period is the time taken for the eddy to move from the 
slit to the edge. Now, if the eddies were very small, and if the airstream could be 
considered as a sharply-defined belt of moving air, one might assume that an eddy 
moved as a “roller” in contact with a moving belt, having at any instant a point 
in contact with the belt moving with velocity v, and one point furthest from the 


* Wachsmuth used a slit lem. long. Hensen’s slit was 4cm. long. 
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belt, momentarily at rest. The velocity of the eddy would then be one-half the | 
velocity of the belt, and the time taken to traverse the distance a would be 2a/v. — 
The frequency of vibration of the air-stream about the edge would therefore be | 


given by : | 
= : 
which is Kénig’s formula. . 

A wind-tone of any kind is the acoustical result of the formation of two parallel . 
rows of eddies (or of eddy-rings lying on two coaxial cylinders) advancing with — 
uniform velocity. 

Th. von Karman considered the perfect case of two infinite parallel rows of — 
rectilinear vortices in which the senses of rotation of eddies of the same row are like, 
of different rows unlike. He showed that there is only one possible arrangement 
for such a system in a perfect fluid to move forward unchanged. The eddies of one 
row must be placed alternately with respect to those of the other, and the ratio of h, 
the distance between the two rows, to /, the distance between two adjacent eddies 
in the same row, must satisfy the equation 


cosh (Fs) =/2, : 


l 

v. Karman and Rubach made a few experiments with water models and found from — 
photographs 0-305 and 0-280 for values of - 

The system of eddies that gives rise to edge-tones differs from this ideal case | 
in two ways, for it is supported against frictional destruction by a central belt of 
high velocity, and the edge in some way is absolutely necessary to the formation of | 
the eddies. Instead of two parallel rows of eddies infinite in both directions, one 
has a system infinite in one direction only, with a rigid barrier placed between the - 
rows extending to within the distance / of the source. This interval between the— 
slit and the edge may be termed the free space of the system. At any moment 
each of the three eddies existing in the free space must move with a resultant velocity _ 
due to the other two eddies, and the deformation of the system which would inevitably — 
result in time from this motion is checked by the intervention of the edge which — 
separates the members of one row from those of the other, and forces them to continue 
a uniform progress. The action of the edge-wall on an eddy after passing the edge 
is such that the normal component of velocity at the wall is zero. If a new eddy 
were introduced of equal strength, but of opposite sense of rotation, in the position 
of the optical image of the first eddy with respect to the wall, one could remove the 
wall without affecting the motion of the fluid. Hence we could hypothetically do 
away with the edge, if we introduced one of these images for every eddy that had 
passed the edge. The total effect of such a substitution would be two eddy systems. 
superimposed on the same parallels, and both infinite in one direction only, one~ 
system, however, being laterally inverted with respect to the other, and having its 
origin displaced by the system-interval / in the direction of motion. 
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That such a system has some peculiar stability of its own is evidenced by its 
| occurrence in experiment in the working of that useful little instrument the bird-call 
* (Vogelruf, Jageruf), and also in the formation of the tones produced by the passage 
of air through tubes of pressed metal strip, recently observed by Cermak. 

In the bird-call a stream of air passes successively through two circular holes 
in thin parallel metal plates. The second hole traversed by the air should be slightly 
larger than the first, and its centre must lie on a line drawn perpendicular to the plane 
and through the centre of the first hole—i.e., on the axis of the system. The first 
| hole alone would tend to produce an unstable system of eddy-rings, the axes of 
rotation of the rings lying on two cylinders of diameters slightly greater and slightly 
less than the diameter of the first hole.* The second hole produces a similar system 
| of eddy-rings with their axes on the same cylinders, and the combined formation is 
) stable when the origin of the second system is displaced a distance / from that of the 
_ first, the two systems being laterally inverted with respect to each other. In most 
bird-calls the space between the plates is enclosed, producing a natural resonator, 
| which exerts an action upon the wind-tone similar to that of an organ-pipe upon the 
| edge-tones produced at the mouth. 


h 
D. MEASUREMENT OF 7 


In order to measure i v. Karman and Rubach photographed the eddies produced 
in acurrent of water behind a stationary plate, and conversely behind a moving plate 

in still water. In air, both the frequency of production and the velocity of trans- 
lation of the eddies are usually very high, and Wachsmuth’s photographs show that 
even when the air-jet (loaded with ether-vapour to render it refrangible) is photo- 
_ graphed, the eddies do not clearly appear, since they are largely formed of entrained 
air, which does not differ optically from the surrounding medium. From a con- 


I 
sideration of the nature of the eddy-system, a very simple method of measuring ; was 


devised. Wachsmuth and Hensen both noticed that when the edge was moved 
across the air-streams changes occurred in the frequency of the tone, and also a 
boundary was reached at which all tone vanished. With the present apparatus the 
lateral boundaries are very sharply defined. With a narrow slit a position can be 
found from which a lateral movement of 0-0005 cm. will completely extinguish a 
clear bright tone. The least turbulence in the jet spoils this definition completely. 
v. Karman’s work readily suggests an explanation. 

Consider the edge at some distance a from the slit (Fig. 2). Then for stability 
we may assume that the eddy-centres move on two lines AB, CD, each distant 


; 4 . afrom the principal plane. If the edge is moved across the stream towards AB, 
a point will be reached when an eddy on that line will be caught by the edge and 
deflected to the side CD. The tone cannot then exist. Assume for simplicity that 
this point is on the path traversed by the eddy-centre. When the edge reaches 
either AB or CD, the tone will be destroyed. If ais changed, the total lateral move- 


* This system can be rendered stable by employing a sharply cut hole in a thick plate 
(Kohlrausch). 
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ment (AB to CD), which may be denoted by y, will be changed in the same pro- 


portion. 
dy Ah 


da 


Fig. 3is a typical map of a tonal boundary. The sudden change of slope observ- 


==CONnSt. 


BiGe 2: 


able in both maps occurs at the discordant break. Increase of pressure moves the whole 
diagram towards the slit. At high pressures it is difficult to obtain consistent readings 
of the boundaries. The break moves forward very rapidly as the pressure increases 
until the interval a@)<a<a, 1s very small indeed. A very small change of pressure 
during the course of the experiment will entirely spoil the readings. All the maps 


show a rounded-off portion at a, which we may call the ‘‘ nose” of the diagram. 
This we will consider presently. 


a CA h 
In Table I are given the measurements of i from the tonal boundaries for different 


h 


L 


pressures and slit-widths. An increase of pressure appears to increase 


slightly, a 
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/minimum value characteristic of the slit-width being attained at low pressure. For 


very wide slits ] for air attains a minimum value of 0-276 independent of the slit- 


| width. It may be questioned whether these numbers are really values of “4 The 


reasoning was based on the assumptions that (1) a=, (2) that the point of disap- 
pearance of the tone occurs when the edge reaches the line of eddy-centres. The 
| diagrams themselves show that one must substitute a linear relation 


a=lt 9(p,d) 


| where 9 is some function for the simpler equation 
: q 


(H==l 


i 
_ The second assumption has no experimental support. 


TABLE I. 
= a 4 2 ao : / h S07; 
d Pressure in em. of water pie 
t 
| | S| ——— ———$ 
0-010 cm. | 1-01 0-50 
1-98 0-515 
} 
0-0365 cm. ! 0-10 0-32 
0-19 0-33 
| 0-68 0-35 
} 
) 
| 0-077 cm. 0:34 0-32 
0-62 0-32 
0-104 cm, 0:38 0:30 
0:63 0-31 | 
0-132 cm. 0-25 0-285 
0:45 0-309 
0-148 cm. 0-25 0-276 
0-39 0-287 
0-188 cm, 0:21 0-276 


E. DETERMINATION OF 4. 


In Fig. 9 PC represents the minimum distance for tone, a. O may be called 
the origin and P the pole of the system An increase of pressure diminishes PC. 
Fig. 4 represents the change of a) with pressure for different slit-widths. These 
curves are not hyperbole. In each experiment it was found that a small minimum 
pressure , existed, below which no tone however faint could be obtained.* As the 
pressure approaches fp, dy increases very rapidly, and the tones become so faint and 
so low in pitch that the values of a, are difficult to obtain. , is usually about 
0-2 cm. of water, and apparently depends on the slit-width, and possibly on the 
weather conditions. It may represent a small difference of humidity between the 


* Sondhauss said in 1854: ‘‘ Below a certain pressure, no tone could be heard.” 
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interior and exterior of the wind-chest.* Fig. 5 shows the relation between Veen 
— Fo 


ana Each curve when roduced cuts the axis ay=90 at some value —— = —f . 
0 Pp a/. 
Pp 0 


1 
Vp—bo 
Fig. 6 shows the relation between 


i ; 
a d a. 
Va rc! and 


=0, at some value a)=A. 


and the axis 


Minimum Distance for Tone, ap in cm. ——> 


Pressure in cm. of Water. ——> 
Fic. 4, 


Air leaving a slit without resistance under simple adiabatic expansion from a 
pressure P, to a pressure Py should attain a velocity v given by 


ae a1 (Ee 
ded P1 Py 


; F : C 
where y is the ratio of the specific heats ~”, and o, is the initial value of the density. 


Cy 


* pod is approximately constant, where d is the width of the slit. 
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q 


E 
Or the present purposes, where P, is only very slightly greater than P, ‘2 a 1-001) 
0 


she equation may be simplified. If the manometer records a difference in level H 
of liquid of density 9, we have 


Py=Po+ emg 
and yng Om of 


For a water manometer at 0°C. and air initially at the same temperature, we have 
numerically in c.g.s. units 
01232 WH 
In these experiments the air left a slit formed between polished brass surfaces, 
the approach to which was stream-lined, and under such conditions it was hoped 
that there could be no great error in the assumption 
Vp—bo=, 


where v is a quantity proportional to v. 
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The quantity f appears to have no direct physical significance. The length A 
however, when plotted against the slit-width d, gave a straight line passing throug 


3 


ey 
NS 
G 


Pies hk 
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= origin (Fig. 7). (The only exception is shown by a value of A found for a very 
de slit, d=0-188 cm.) 

: From this graph we have 

A=1-22(5)d. 


The equation is now 


= = A (ay2—A2) = A(ay2—1-50d2) 


3 


1e gradient / is of the dimensions e Since 4 can only depend on the slit- 


16 


Uz 


idth d, and on the nature of the gas used, one might assume that its dimensions are 

\ . 
*. >) in which the length is the width of the shit. 
/ , 


Fig. 8 shows the effect of plotting : against 4. For all slit-widths greater than 
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0-035 cm, the relation is that of a straight line passing through the origin. If Bt 
a numerical constant, we have 


pl 2a at-1-508 
Q Uv 
B 7) (40 gat 
or te = | 


which embodies the principle of dynamic similarity. 


F. THe TonaL BOUNDARY. 
The occurrence of the distance ay is due to the departure of the tonal boundari 
from the straight lines. If the edge is at a distance a from the slit, an eddy-cent: 
is formed near the slit at a distance 


Fic. 9. 


an eddy formed at a position L moves along the straight line LM, and can be inte 
cepted by the edge at M. An eddy formed at L’, however, can be intercepted | 
the edge at M”, having moved inwards a distance M’M” in traversing the distance 
parallel to PX. The normal case may correspond to an eddy moving as a roll 
between air at high and air at low velocity. The abnormal case may be due to tl 
movement of an eddy in a field of forward moving air having a steep velocity gradie 
at right angles to the direction of motion. To obtain an expression for the force | 
unit length of a rectilinear vortex of strength M moving ina field of uniform velocity 

relative to the eddy centre, Prandtl used the equation 

(Rate of change of upward vertical momentum) 

=(resultant upward pressure on surface of bounding cylinder) 

(resultant upward vertical pressure due to the body—in this case, fluid 
within the cylinder) 


’ 


Edge-Tones. ZT 
id hence found that the force per unit length in a direction at right angles to the 
locity of the field is VeM. Using this equation, I find that in a field of uniform 
locity-gradient, the acceleration of the eddy at right angles to the velocity field is 


> 


a first approximation, of the form (ca V+ce.M la ) where V is the velocity 


the field relative to the eddy-centre. About a laminar jet a is very great, so that 
sy 


is possible that only the second term is of importance. The frequency observations 


ay 0: Since M, the eddy-strength, 


ust, in the case of edge-tones, also depend on the total quantity of air leaving the 
't per second, we may assume the motion of the eddy to be given by 


ia published later) show that one can assume ue 


a 
= =const:=aV, 


Ot 
2 ; 
ee OV 


here Vy is the velocity of the fluid in the principal plane (i.e., the maximum velocity 
‘the jet), and the product KV, has no dimensions 


| . OY Ey. Ca : 

hen f=—0 54 =) 55 pee Q ap ao o =A) 

ssume the distribution of velocity about the principal plane to be of the form 
V=V .e--™ 


here 1/n is a length, probably the slit-width. 
Then, by two integrations and substitution, 


eu 


=cos (: eo MV/ KV. a) 
a 


emo 
cd ; 
ne might assume K =e where cis a numerical constant. 


hen when Ye) Of, 
d.Vo 


mare a)2=a constant (depending on , a and 9) 


Cc. 


hich is somewhat similar to the experimental result. 

It was therefore desirable to know the exact form of the nose of the tonal boun~ 
ries. The distances involved are very small, and the curve approaches the axis 
=0 very steeply. One source of error, a possible slight transverse movement of the 
yparatus relative to the edge, was eliminated by plotting the total possi ble transverse 


ovement y against a. 
Fig. 10 shows some of the curves obtained in this way, drawn to a very large: 
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scale. The following formula was found to satisfy the shape of the curves for wic 
slits :— 


yang — ay. e—(mbat—mtag) 
I2) ae 
3. Mf ta .— gata d 

or yen — i aene _g emt 


in which a, and a denote a, and a respectively, plus the distances from the pole . 
to the origin 0. 


and a were measuredfrom P, a and a are measured from 0, 


he 
es 

By plotting log, ; against (a2—a,?) 
eo 


(Fig.11), it is seen that diagrams made with the same slit-width but different pressur 
yield the same value of m. Moreover, 1/m must be dimensionally a length. Fi 
very wide slits 1/m was found to be very nearly equal to the slit-width. For le 
broad slits, 1/m is always greater than d. For narrow slits this only holds over 


pone range of (4?—a,*), after which there occurs a sudden change of gradie! 
(Fig. 12). 
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G. CONCLUSION. 


| In the above work a narrow slit has always implied a slit of width less than 
J35cm. It is strange that this width appears to be absolute for air. Kohlrausch 


Fic. 11. 


| 


und the same value in his work on slit-tones, exhibiting a demarcation between 
oad and narrow slits. 
_ The boundary maps, moreover, give further support to the above suggestion 


| 
: 


the deflection of an eddy in a steep velocity gradient. We know that when the 
essure is increased the whole map advances towards the slit. Since, however, the 
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slopes changes slightly with the pressure, the distance OC (Fig. 9) is not a con 


for the slit-width. The maps, however, show that for wide slits the distance 4 


(the separation of the straight-line boundaries at the nose) is apparently constant 
In Table II are given the values of the ratio AB/d for various slit-widths. 


TABLE II. 
| AB 
d Pressure in cm. of water ee 
0:077 cm. 0:34 0-64 
| 0-62 0-69 
| 0:104.cm. | 0-38 0-68 
0-63 0-65 
| 
0-133 cm. | 0:25 0-68 
0-45 0-68 
0-181 cm. | 0-14 0-65 
0:29 0-6 
i 


means that when the edge is at the distance a=a, from a wide slit the eddies 
0-67 
2 . 
being deflected by that entire amount in their passage to the edge. Such eddies 
therefore, originate im the mouth of the slit, in a field of high velocity-gradient. Wi 
narrow slits this field will be less broad, and the range of (a2—a,”) over which o 
may hope to find a uniform law of deflection, proportionally smaller. As @ isi 
creased, the eddies will originate further from the principal plane, until they mo 
on lines remote from the influence of the slit and are undeflected in their uniforn 
progress. 
In conclusion, I would like to express my gratitude to Prof. S. W. J. Smith for 
granting me such excellent facilities for the execution of these experiments, and 1 


being produced at distances about d on either side of the principal plane, and 


his encouragement during the course of the work. 
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DISCUSSION. 


Sir RICHARD PAGET said that the author’s work might be of great value in connexion with 
.e design of organ pipes. It is a curious fact that if the walls of the channel leading to the jet- 
jifice are smooth the tone obtained is not so good as that given by rippled walls. 

Dr. W. S. TUCKER complimented the author on his painstaking work, which has opened 
1e way for further research. As a source of sound for experimental purposes the organ pipe 
4s proved very unsatisfactory, as its behaviour is to a great extent incalculable. The jet 
sa source of sound is coupled with the pipe as a resonator, and the reaction between the two: 
fesents a complicated problem ; and then any variation in the velocity of the jet will affect the 
ute of production of eddies. The quality and intensity of the resulting tone depends on all 
ese factors, and the present Paper should point the way to a better understanding of the 
, of the process. 

Dr. G. W. C. KAYE said that at the National Physical Laboratory the organ pipe has had 

> be abandoned as a source of sound. Possibly the author might be able to improve the desigm 
such pipes so as to render them suitable for laboratory use. 
Mr. E. G. RICHARDSON said that about a year ago he read a Paper to the Society on a some- 
shat similar subject ; he had employed the method of Kruger, who, however, had been unable 
» get results. The Paper in question was devoted to a study of colian tones, and an annular 
pt was employed, as opposed to the author’s ribbon-shaped jet ; but curves similar to those of 
ne author’s Fig. 4 were obtained for jets of smoke and water. The author’s measurements 
; e€ some of the most careful that have been made, and he has followed a new line of inquiry, as 
irevious experiments have dealt mainly with the question of frequency. His plan of measuring 
ne depth of the jet is a very sound one. Although Karman first applied the eddy theory to 
perimental work, credit must also be given to Bénard, who put it forward seven or eight years 
atlier. As regards the streamlining of the author’s orifices, this plan would affect the value 
a, in consonance with results obtained by the speaker and Mr. Tyler. There is rather a 
uzzling connexion between the frequency and the distance of the edge from the orifice ; the 
istance between the eddies appears to adapt itself to this distance. No very satisfactory 
xplanation of this phenomenon has been offered. 

Mr. E. TYLER (communicated) : With reference to this very interesting Paper I should 
ke to congratulate the author on his very careful work in dealing with such a difficult problem, 
ind I should furthermore like to point out that in his determination of small tonal boundary 
1easurements he claims to measure these to -00025cms., whereas the accuracy of movement 
2 the wedge is about -001cm. On what assumptions does the author claim such accuracy 
* small measurements ? Has the author tested microscopically for any vibration of the support 
zat might occur during the production of the edge-tones, for with such a wedge as used by the 
athor there is a possibility of Afolian Tone phenomena. 

. The results shown in Fig. 4 are very interesting indeed and resemble similar characteristic 
iquid jet curves published by Dr. Richardson and myself (Proc. Physical Society, August, 1925). 
rather regret the author has plotted values of a) (minimum) against the pressure (cms. of 
rater), for a better comparison no doubt could be made by plotting a, against v. (vel. of air steam). 
-as the author considered whether viscosity is a factor modifying the shape of these curves, 
nd if so, what are his views ? 

Referring to Fig. 5, I do not see any justification in continuing the curves back in such a 


1 ; 
=—f. 


1 : : cee 
nanner so as to cut the ~——= axis below 0 at points where a, =0 giving a value for ie 


Vp —Po \ P —Po ‘ 
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Unless to satisfy the condition shown in Fig. 6, i.e., the nee WDD, ey +f, a curves all intercey 
at the origin. There is no reason why the curves in Fig. 5 could not be all continued to ct 
at one point below 0 at a constant f. This result would thus modify the curves in Fig. 6. 

Autuor’s reply; I am very grateful for these comments and criticism on my Paper. $ 
Richard Paget has mentioned the design of the throat of an organ-pipe. I am aware of tk 
practice of “ nicking ’’ the slit, but organ-builders only perform this operation on pipes of certai 
stops, to which it is supposed to impart tapidity and brightness of speech. The practice mu 
have an important bearing on the production of edge-tones, but at present I have made n 
experiments in this direction. 3, 

Dr. Tucker and Dr. Kaye have spoken of the unreliability of the organ-pipe as a standar 
source of sound. This is not unavoidable, but I can see no prospect of a pipe ever being mac 
which will compare favourably with a standard fork. The degree of coupling between a pif 
and the edge-tones formed at its mouth has been examined very ably by Prof. Camiére at Tou 
(Journ. Phys. et Rad., Février, 1925). 

I am glad that Dr. Richardson has raised the question of Bénard’s work in relation 1 
vortex-systems. In calling the arrangement a Kérman system I am only following Prandl 
school who quite rightly give Karman the credit of having established the theory of this systen 
without wishing in the least to depreciate the value of Bénard’s experiments and observation 
By streamlining the slit a jet was obtained of an ideally simple type, and any change in the valu 
of a) obtained by this method must be a change for greater simplicity. The question ¢ 
frequency will be dealt with in the second Paper. { 

In thanking Mr. Tyler for his communication I regret that my brief statement of 
accuracy of movement of the edge should lead to misunderstanding. The fofal error of 
screws over so great a distance as 1cm. may be as great as -00lcm., but over the mim 
distances measured in the tonal boundaries, the error did not exceed -00025cm. My assumptic 
of such accuracy is based on comparative measurements at different positions on the screw 
over two thousand observations having been made in the measurements of these tonal boundari 
alone. . 

Mr. Tyler is mistaken in believing that Afolian phenomena may ever arise behind the forwal 
edge of a surface parallel to the direction of flow. A necessary condition for Afolian tones” 
freedom for the eddies formed on one side of the obstacle to move under the influence of tt 
eddies liberated on the other side. With a wall boundary that is impossible. There is a e 
simple and absolutely sure method of testing for vibration in the edge. On placing the fin 
on the side of the edge no change in the pitch or quality of the tone occurs. Nor are the val 
of a and y affected. It is recognized that a light touch by the fingers will immediately dam 
out all vibrations except those of very high frequency in great thickness of metal. . 

Mr. Tyler will find the answers to his questions concerning velocity and viscosity in tt 
Paper itself. I fail to understand his suggestion that a given family of experimental curyi 
may be produced at will to pass through a given point, since if a curve is to retain the charact 
given by experiment it may only be produced in one way. ‘This has been done in Fig. 5. MM 
was it necessary to obtain the values of ‘‘ f”’ for the determination of the equation of dynam 
similarity, as the values of A yield the same result. I trust that a second Paper will brit 
out the relative importance of the different factors with more clearness than has been possib 
in this first communication. 
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| 
v. —THE SPECTROSCOPIC DETECTION OF MINUTE QUANTITIES 
OF MERCURY. 

] 


By J. J. Manrey, M.A., Research Fellow, Magdalen College, Oxford. 
Received October 18, 1925. 


| ABSTRACT. 


Details are given of a method whereby vertical spectrum tubes (demanded by certain inves- 
tions) can be critically examined for vanishingly small quantities of mercury. The tubes 
e two U-limbs partially immersed in insulated water. The water serves as external electrodes. 
| end-on view of the glow within the excited tube is obtained by a totally reflecting prism 
med upon the summit of one of the limbs. The light is thus deflected horizontally and received 
he usual way by a spectrometer. 


IECENTLY I have found it necessary to examine spectroscopically the low 
pressure and gaseous contents of some U-tubes for minute quantities of 


less, (one parts of some permanent apparatus ; and, owing to the pido’ 
juired for experimenting, the tubes were of necessity situated vertically. Under 
‘se circumstances, the only view obtainable with a Hilger wavelength spectro- 
er was one at right angles to the axis of the tube, and this was not always suffi- 
intly sensitive. A further difficulty arose from the fact that internal electrodes 
, producing a discharge were not permissible. The weight of the mercury that 
zht be present varied from a maximum of 0-0002 grm. to a quantity vanishingly 
t Initially, the plan adopted was that indicated in Fig. 1. 

A and B, represent two U-tubes, each having the dimensions noted above. 
» mercury was sought for in the tube B,. External electrodes were provided by 
) partial immersion of the tubes in water contained in the insulated beakers C, D. 
res from the high potential terminals of the induction coil J were led into the 
jtents of C and D. When the coil was activated with a 6-volt accumulator G, 
limbs j, & were filled, like an ordinary spectrum tube, with a bright glow ; hence 
; section of k could be examined with the spectrometer. This simple device 
ved amply sufficient for all those cases in which the mercury present in & attained 
»xceeded some as yet undetermined limit ; the plan, however, failed when the 
ht of the element in the tube was infinitesimal. For aiding in the detection of 
2ssively small quantities, the modified U-tube B, shown in Fig. 2 was designed. 
vas constructed as follows : 

| First a T-piece was made, and one of its three limbs shortened to 3mm. The 
rt limb was then closed by a glass rod which was fused to it. During the fusion 
work was so conducted that the attached end of the rod presented a flat surface 
jin. Next, the rod was melted and rotated in a blowpipe flame until it had 
mmed a form almost truly spherical.* After annealing, two plane faces were by 


* A suitable sphere is one having a radius of 5mm. ‘The length of glass rod required for its 
juction is calculated at the outset. The complete sphere is indicated by the dotted line. 


i 
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means of carborundum powder and turpentine, ground upon the sphere ; one of thes 
(a) was vertical, the other (f) intersected a as shown, at an angle of 45°. Eac 
face was then smeared with Canada balsam and covered with a thin glass plat 
The required plates were cut from a cover slip used for work with the microscop 
Made thus, the totally reflecting glass prism P was extremely satisfactory. Finally 


<——. Jo main apparatus ——» 


= = 


< 
: 
: 
7 
: 


the long limb & of the T-piece was bent U-wise, as seen in Fig. 2, and the whole suk 
stituted for the simpler tube B, of Fig.1. By placing the spectrometer slit near th 
face a and activating the coil, an end-on view of the glow in & is obtained by reflec 
tion, and spectral lines otherwise invisible or but feebly seen are revealed more ¢ 


less prominently. ; 
: 
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+ XVI.—ON THE STORAGE OF SMALL QUANTITIES OF GAS AT LOW 
PRESSURES. 


By J. J. Mantey, M.A., Research Fellow, Magdalen College, Oxford. 
Received November 11, 1925. 


ABSTRACT, 


The author describes and gives a figure of an apparatus used for storing small quantities of 
te or highly purified gases in such a way that contaminating air is excluded The apparatus 
s designed for use in conjunction with a Sprengel pump, which withdraws the gas from any 
perimental plant and delivers it into the storage apparatus. With the aid of barometric traps, 
tc., the gas can be readmitted either partially or wholly into the experimental plant. 


URING a research conducted with pure helium at pressures varying from 
1-12 mm. of mercury, it has frequently been necessary to modify the experi- 
mental apparatus. At the outset the helium was on each occasion first withdrawn 
xy a Sprengel pump and collected in a tube ; subsequently it was returned to the 
-pparatus by means of a specially constructed pipette. In every instance after 
he re-introduction of the helium a spectral analysis revealed the presence of decided 
races of air. If the apparatus had been small and compact, the impurity could 
iave been quickly removed by circulating the gases over charcoal cooled by liquid 
lir ; but in the present case the primary portions of the apparatus were connected 
»y tubes having capillary dimensions and great length, also the total volume of the 
\pparatus was considerable; hence much time was required for completing the 
ibsorption of the contaminating gas. Ultimately this difficulty was avoided by the 
ise of the storage apparatus depicted in Fig. 1. From the figure it may be seen that 
lhe apparatus communicates (a) with the main or experimental apparatus through 
he tube m, to which it is fused, and (6) with a twinned barometric column R, and 
hat the whole in conjunction with the main apparatus can be evacuated by a 
sprengel pump P. 
_ The highly purified helium was at the first introduced by way of the limb £, 
he mercury trap J being open; a similar trap K was either open or closed as cir- 
cumstances demanded (vide infra). For effecting alterations in the form of. the 
‘xperimental apparatus the procedure is as follows. 

First the trap J is closed by raising the cistern E, so that the mercury attains 
ome such level asa....0; the tap ¢,is then shut. Next, the open end of the 
imb f is placed over the jet of the fall-tube of the Sprengel pump as shown. This 
yperation is rendered possible and perfectly safe by the flexibility of the upper 
sonnecting tubes, which are long and narrow. The pump is now brought into action, 
ind the gas thus transferred from the experimental to the storage apparatus. The 
xelium having been removed, the limb # is withdrawn from the jet and the main 
.pparatus filled with dry and carbon dioxide-free air. With the entry of the air, 
che mercury in the trap J rises to something less than barometric height in the tube 
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above b. The desired alterations in the main apparatus may now be undertaken 
and when completed the whole apparatus is again highly evacuated. On lowerin| 


77k 
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— To experimental apparatus 
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the cistern E and openin c 
5 b ercu y and the storec 
gas flows back into the apparatus for further experiments. 


| The Storage of Gas at Low Pressures. Igi 
It may be noted that the effective volume of the storage apparatus depicted 
n Fig. 1 can be varied. If the volume of the gas to be stored is relatively small, 
ne bulb A is not required. In that case A is trapped off by raising the cistern F 
5 that the mercury stands at the level c . . . d, and the tap ¢, closed. Again, if 
br New experiments to be carried out after the storage and subsequent release of the 
fas, a portion only of the helium is required, the trap K is kept open whilst the gas 
» being stored, and then closed before J is opened. If necessary, the quantity of 


ine gas in the experimental apparatus can at any moment be increased by suitably 
hanipulating the cistern F. 
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XVIL—THE EFFECT OF ROLLING ON THE CRYSTAL STRUCTURE QO) 
ALUMINIUM. 


By E. A. Owen, M.A., D.Sc., and G. D. Preston, B.A., Physics Department 
National Physical Laboratory. 


ABSTRACT. 


Sheets of aluminium have been examined by the ionisation spectrometer and by phote 
‘graphic methods, with a view to discriminating between two contradictory results obtained 
ptevious observers with the photographic method as to the final orientation of crystals in ro 
material. 

The results show that, when a cast specimen of aluminium containing a number of 
‘crystals oriented at random throughout the body of the material is rolled, the crystals br 
‘up into a large number of minute crystals. As the thickness of the material is progressiv 
diminished, the small crystals tend to take up a definite orientation, each crystal having a cu 
diagonal in the direction of rolling and a (211) plane in the plane of rolling. Two sets of crysta 
exist in the material after rolling, the one set being the optical image of the other in the pla 
of rolling. 

The observations obtained by the ionisation spectrometer indicate that the type of the s 
lattice remains unaltered, and that the parameter of the material in the severely worked c 
dition does not differ from that of the annealed material by more than 0-5 per cent. 


INTRODUCTORY. 


"THE orientation of the crystals in rolled aluminium sheets of thickness 0-015 

has been examined by Mark and Weissenberg,* who concluded that in 
rolled condition the crystals were oriented with a (110) plane parallel to the pl 
of rolling with a divergence of +35° and a (112) direction parallel to the directi 
of the rolling with a divergence of --8°. This arrangement places the cube diago 
(111) in the surface of the foil perpendicular to the direction of rolling, as in Fig. 1 
Further work on the same subject by Wevert led him to the conclusion that a (11 
direction lay parallel to the direction of rolling, a (110) parallel to the transvers 
direction, and a (112) parallel to the foil normal, as in Fig. 1b. These discord 
results were obtained by photographic methods. 

The experiments, a description of which follows, are now published with a vie 
to discriminating between the above conclusions. Sheets of aluminium have b 
examined by the ionisation spectrometer and by the photographic method, th 
former having the advantage that direct measurements can be made of the angle 
between planes in the same zone. . 


I, EXPERIMENTS WITH THE IONISATION SPECTROMETER. 


Examination of Cast Specimen of Aluminium. 


The crystal grains in the etched surface of the specimen of cast aluminium 
ue cm. thick, 2 cms. wide and 6 cms. long) employed, were about 1 to 2 mm. across 
© specimen was mounted on the spectrometer table with its length parallel to th 


* Zeitschrift fiir Physik., 14, p. 328 (1923), and 16, p. 314 (1923). 
} Zeitschrift fipr Physik., 28, p. 69 (1924) 
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\xis of the instrument, and its surface parallel to the incident beam of X-rays from 
. molybdenum anticathode. The widths of the bulb, crystal and chamber slits 
vere 1 mm., 4 mm. and 0-5 mm. respectively. The chamber was set at the appro- 
priate angle to receive reflections from the (111) planes. The crystal table was 
jotated, and readings of the intensity were taken at intervals of 4°. This procedure 
was repeated with the ionisation chamber set to receive the reflections from the 
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bo) (110) and (311) planes. The results are shown in Fig. 2, the peaks representing 
the effect of the single crystals as they are brought successively into the reflecting 
sition by the rotation of the specimen. 


Examination of Rolled Specimen after a 14:2 per cent. Reduction in Thickness. 


The specimen was now marked by means of saw cuts on the edges, so that after 
rolling the same region could be again examined. The thickness was reduced from 


{ 
08 cal Thickness 1-06 cms 


Chamber angle 132'50" ri] 
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1:06 cm. to 0:91 cm., and the above observations repeated with the direction of 
rolling parallel to the spectrometer axis and the chamber set to receive the rays 
reflected from the (111), (100) and (110) planes as before. The results are shown in 
Fig. 3a, and it will be seen that the intensity curves no longer show a series of sharp 


maxima and minima, but are approximately smooth, showing that the large crystals 
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originally present have been broken up into a large number of minute crystals. 
The surface of the specimen was now deeply etched, and the observations repeated 
with a view to ascertaining whether the effect was present throughout the mass of 
the material or whether it was localised on the surface. It was found that etching 
did not alter the nature of the curves already obtained, so that the breaking up of 
the large crystals takes place, if not right through the material, at any rate to very 
considerable depth—of the order of at least a few millimetres. 


Examination of Rolled Specimen after Successive Reductions in Thickness ranging 
from 57-5 per cent. to 99-0 per cent. 


The rolling was proceeded with, and similar observations taken at thicknesses 
of 0-45 cm., 0-23 cm. and 0:01 cm. The intensity of the reflections diminished as 


N°! Rolled Des cms  (4-2% Reduction in thickness ) 
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to duchon in Thickness ) 
Slits 1,.422mm. Exposure 20 secs: 
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the thickness of the specimen decreased, so that the chamber slit had to be opened 
to 2 mm. for this series of observations. The only new fact observable from these 
curves is that the intensity of the (110) and (311) reflections becomes gradually 
greater, and finally exceeds the intensities of the (111) and (100) reflections, as shown 
in Fig. 3 (b, c and d). The same fact is also illustrated in Fig. 4, which shows parts 
of the spectrum obtained from the surface of the metal when reduced to the thick- 
nesses above mentioned, the chamber in this case being rotated at twice the rate 
of the crystal. The relative diminution of intensity of the (100) reflections is par- 
ticularly marked. In the specimen of thickness 0-01 cm. (Fig. 4c), the (111) reflec- 


~y 
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tions are comparatively feeble and displaced, (100) is hardly discernable, while (110) 
and (311) are both intense. In all specimens of this thickness which we have 
examined the (100) reflections from the surface are absent. The (111) reflections 
are always displaced about 4° towards the origin, and (110) and (311) reflections are 
particularly intense and in their correct positions. The value of the parameter, 


*1. Rolled to 0-45cms 


lits 1,4 21mm 


N’t. Rolled to 0-01 cms. i 


its 2,4 


Intensity : 


2 160 159 140 ie 
Zero I73 4 Chamber Angle. 


Fic. 4, 


as determined from the observed reflections, does not differ from that of aluminium 
in the unworked state. The results obtained from the observations of Fig. 4 are 
given in Tables I, II and III, and show that the parameter of the lattice has remained 


unaltered. 
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TABLE I. j 
Thickness =0-45 cm. (Fig. 4a).Ka%=0-7078A. 
KB =0-630A. a 
Reading of Glancing ‘ 
intensity angle _ Form. N <in 0 a 
maximum. 7) 
155°53’ S145 | 111 Ka 0-1515 4-046A, 
153 6 10 6 200 Kau 0-1754 4-036 
139 33 16 53 311 Ka 0-2904 4-042 
138 6 17 36 222 Ka 0-3024 4-053 
Mean a=4-044A 
TABLE II. 
Thickness =0-23 cm. (Fig. 4b). 
Reading of | 
intensity 7) Form, x Sin 6 a 
maximum, . 
155°57’ 8°40’ 111 Ka 0-1507 | 4-067A, 
153 9 10 4 200 Ka 0-1748 4-049 
144 38 14 20 220 Ka 0-2476 4-043 
143 23 | 14 58 311 Kp 0-2582 4-047 
139 34 16 52 311 Ka 0-2901 ; 4-046 
Mean a=4-050A. 
TABLE III. 
Thickness=0-01 cm. (Fig. 4c). 
Reading of | 
intensity 7) Form, N - @ 
maximum, 
144°37’ 14°20/ 220 | Ka 4-042. 
139 36 | 16 51 311 | Ka 4-049 
/ Mean a=4-045. 


The results agree with each other to 0-25 per cent., which is within the limits of 
accuracy of the observations, 
The peculiarities of the spectrum shown in Fig. 4¢ are typical of the material 
when reduced toa thickness of 0-01 cm., and are not to be ascribed to any change 
in the type or in the dimensions of the space lattice. They can be explained by — 
supposing that the crystals of which the metal is composed are all orientated in 
a particular direction, i 
In the experiments just described the direction of rolling was vertical, i.e., 
parallel to the axis of the spectrometer. 


Examination of specimen with direction of rolling horizontal. 


Five of the sheets of thickness 0-01 cm. were laid flat on one another and 
‘mounted on the spectrometer table with the direction of rolling of each sheet lying 
in a horizontal plane. The chamber of the spectrometer was set to receive reflections 
from the (111) planes and the specimen rotated. A maximum of intensity was 
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found with the specimen nearly perpendicular to the incident beam, and the best 
position of the chamber was found to be at 157-25° (16°3’ from the direct beam). 
The peaks obtained with this chamber setting are shown in Fig. 5b. The shift 
of the (111) peak from 17°23’ to 16°3’ can in this case be accounted for by the 
divergence of the primary and reflected beams, the bulb and crystal slits being at 
2mm. and 4mm. respectively and separated by 7cms. When these slits were 
cut down to 1 mm. each, the displacement of the peak was reduced to 12’. 

The width of the middle peak is about 40°, a few degrees of which are accounted 
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for by the angular width of the incidient beam. Part of the width of the peak might 
also be due to the sheets of which the specimen was composed not being parallel 
to one another. As it was impossible to fix the thin sheets together so that they 
were rigorously parallel, it was decided to continue the work with fresh material 
rolled from 1 cm. to 0-05 cm. in thickness. 


Experiments with rolled aluminium sheet 0-05 cm. thick. Direction of Ms horizontal. 

(A) Rotation of specimen about a vertical axis.—A sheet of aluminium was rolled 
down to a thickness of 0:05 cm., being passed through the rolls always in the same 
direction. A plate of the material was mounted on the spectrometer with its surface 
in a vertical plane and with the direction of rolling horizontal as before, the chamber 


138 Dr. E. A. Owen and Mr. G. D. Preston on 


set at the proper angle (155°50’) to receive the (111) reflections and the specimen 
rotated, readings being taken every 5°. The observations were repeated with the 
ionization chamber set to receive the (100) and (110) reflections. The results of 
the three series are shown in Figs. 5a, 6a and 66. 

The second peak from the left of Fig. 5a occurs at an angle of 166° on the scale 
of the crystal table. The angle of reflections from the (111) planes of aluminium 
is 8:7°, so the planes giving this peak are on the average parallel to the incident 
beam when the reading of the crystal scale is 174:7°. The surface of the sheet is 
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parallel to the incident beam at a scale reading of 84:5°, so that at a scale reading 
of 174-7° the surface is inclined at 90-2° to the beam. This set of (111) planes is 
accordingly at right angles to the surface and to the direction of rolling. Observa- 
tions taken on this set of planes with other specimens corroborate this result. For 
example, in the case illustrated in Fig. 5 the crystal setting for the same maximum 
was 165-5° with the same surface zero and in two other cases the figures were 163° 
and 168°. The figures are in agreement with one another within the limits of 
accuracy of experiment. 

It will be convenient to measure the angles of the other planes, fixing this (111) 
plane as zero. Starting from this plane then, we have in Fig. 5a maxima at the 
following angles :— 

0°, 62°, 118°, 184°, 241°, and 297°. 
The last three being separated from the first three by approximately 180°, are the 
reflections from the “ back surfaces ” of the same sets of planes. 
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(B) Rotation of specimen about horizontal axes—The specimen was mounted 
on a frame capable of rotation about two axes perpendicular to each other and to 
the axis of the spectrometer ; one of these axes (A), Fig. 7, was coincident with the 
direction of rolling and therefore perpendicular to the (111) planes occurring at 0° 
on the arbitrary crystal scale just mentioned. By setting the specimen in the 
position to give reflection 0° and rotating it about the A axis, the planes giving the 
maximum are rotated about their normals and should remain in the reflecting position 


Le, Vo 


during rotation of the specimen. This was found to be the case, as shown in the 
following table :— 


Reading of A ... w= 20°, — 10° 30° 10°" 20° 160° 170° 180° 190° 200° | 
Intensity ae aero 9-8 9:97 10 10> 5-9-1 1G) ae LLG (AE ee Ls EO) 
Exposure 20 secs. Exposure 30 secs. 


When the reading of A is 0° the surface of the specimen lies in a vertical plane. The 
intensity of reflection is therefore not sensibly affected by the rotation of the specimen 
about this axis, but, as the following table shows, it is very sensitive to rotation 
about the axis B (Fig. 7) perpendicular to the plane of the sheet :— 


Reading of B hoe oes ae Vile cl =20° =—102 0° -+10° -E20° 


Intensity ee Aa — oan nae ate 2-6 6-0 8-6 80 5-0 


! 


The direction of rolling is horizontal when the reading of B is 0°, the intensity being 
a maximum when B==0° and B=180°. 

During the above readings the crystal table stood at 168°. This was now altered 
to 98°, i.e., the crystal table was rotated through 70°, the angle between the (111) 
planes being 70°32’. The axis B was set at 0°, so that the direction of rolling was 
horizontal and readings were taken as the specimen rotated about the A axis. Two 
very intense maxima, corresponding to readings of A equal to —5° and +-185° were 
observed, the relevant readings being as follows :— 


Reading of A aes aes 69° 40° 29° 10° OF 10s 20° 30° 
Intensity ie aD “| 6-2 9-3 9:5 14:0 17-4 11-1 6-5 6-3 
Reading of A et bat 150° 169° 170° 180° 190° 200° 220° 240° | 
Intensity ae Abs Hoe 10-6 «A 1-2 146 24:0 26:3 20:0 13-9 9-1 | 
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This means that if the first maximum occurring at A==0° is due to planes 
inclined at --a° to the surface, the second (A==180°) is due to planes inclined 
at —a° to the surface. Or, in other words, there are two sets of crystals in the 
material, the one being the optical image of the other in the plane of rolling. Further, 
it appears that the position of best reflection is again with the surface of the sheet 
in a vertical plane—so that the axis of the spectrometer must be parallel to the line 
of intersection of two (111) planes, i.e., to the diagonal of a cube face. 


Discussion of the results. 


The foregoing results indicate that the crystals in the rolled specimens tend 
to set themselves with a cube diagonal in the direction of rolling and the diagonal 
of a cube face in the surface perpendicular to the direction of rolling. This arrange- 
ment brings a (211) face into the surface of the sheet. Fig. 8 will make this clear ; 
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in it AOA’ represents the direction of rolling, BOB’ the normal to the surface of the 
specimen. The axis of the spectrometer in the experiments just described passes 
through O and is perpendicular to the plane of the diagram. The line OB represents 
the (111) plane at 0° which we have found to be perpendicular to the plane of rolling. | 
There will then be a (111) plane, which cuts the plane of the diagram in the line OC, 
the angle BOC being 70°32’.° From what has just been said there will also be 
crystal planes which are the reflections of these in the surface of the specimen— 
so we put lines OB’ perpendicular to A and A’ and OC’ inclined at 70°32’ to OB’. 
We then have the (111) planes occurring at the following angles as the specimen is 
rotated about the spectrometer axis, starting from OB=0°, 
0°, 70°32’, 109°28’, 180°, 250°32’, and 289°28’, 

while the observed figures are 

; O°, 62°, 118°, 184°, 241° and 297°. 
The separation of the first two peaks of the observed series differs from the calculated 


sss by ee which is more than the limit of error of experiment. Several speci- 
S were examined, and great care was taken in each case to get the planes in the — 
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best reflecting position by rotation about the axes A and B (Fig. 7), but the angular 
separation of the peaks was persistently less than 70°. The following are the figures 
obtained from several different samples of material: 62°, 63°, 62°, 62°, 59°: the last 
‘two figures being obtained with the rays confined by a circular aperture of 3 mm. 
diameter placed near the crystal slit and situated 9 cms. from the bulb slit, the rays 
in the first case passing through the centre, and in the second case near to the edge 
sof the material. The observations themselves are liable to an error of about -+2°, 
‘so that there is no doubt the angle between these peaks is not greater than 65°. 

It was observed from the curves which established this fact that the peak given 
by reflection from the (111) plane perpendicular to the plane of rolling was always 
about twice as wide as the peaks from the other (111) planes. This is shown in Fig. 5a 
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and Fig. 10. The width of the peak being taken at half its height, we have for the 


widths of the peaks in Fig. 5a, starting from the left, 
Nie 2o ce lioeite 237eand. 10°, 


and in Fig. 8b, 12°, 20° and 10°. 

The central peaks are due to the reflections from planes whose traces on Fig. 8 
‘are the lines OB and OB’. Calculations shows that a (311) plane belonging to the 
‘same zone cuts the plane of Fig. 8 in the line OA,, inclined at 10° to OA, and its 
reflection in the plane of the specimen is the line OA,’, the former belonging to the 
set of crystals “‘a”’ and the second to the set “ b,”’ which is the reflection of “ @”’ in 
OA. Since the reflection from (311) is particularly intense in the surface of the 
sheet, let us suppose that the set ‘‘ a” deviates from the ideal position considered 
above by 10°, so as to bring its (311) plane into the surface, and that the set “6” 
also deviates by 10° in the opposite direction. The areas in which the various planes 
will be localised are shaded horizontally for the ‘‘ a”’ set and vertically for the “b” 
set in Fig. 8, and it will be seen that the planes whose mean position is BOB’ diverge 
10° on either side of that line, while for the other lines, such as OC, the divergence is 
jn one direction only. For OC it is towards OB, and for OC’ away from OB, which 
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is precisely the effect observed in the measured angular distances between these 


peaks, the OC peak occurring 8° too close to OB and the OC’ peak 9° too far from OB. 
Assuming now that the observed peaks represent the centres of the shaded areas 
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of Fig. 8, the following table shows the agreement between the positions of the 
observed peaks and the positions in which they would be expected from Fig. 8. 


| Calculated. | Observed. 
Fig. 8. Fig. 5a. Fig. 10d. | Another specimen. 
0 0 0 | 0 
65 62 63 63 
115 | 118 (115)* 116 
180 185 (180)* | (180)* 
245 240) (243)* | (243)* 
295 294 295 295 } 


* The figures in brackets are inferred from those observed by the addition of 180°. 


Fig. 6 is analogous to Fig. 5a, but in the former the ionisation chamber was set 
to receive the rays reflected from the (100) (Fig. 6a) and (110) (Fig. 6) planes. In 
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_ comparing the positions of the planes as observed with those to be expected from 
_ the scheme illustrated in Fig. 8, we have to start from the same scale reading (166°) 
as for the (111) planes, and add.to the figure so found the difference between the 
angles of reflection for (111) and those for the planes considered. We have 


Or ot, O99 = 10-1° and 0),,—14-<. 
So to the observed figures, starting from 166° as zero, we must add 1-4° for the (100) 
and 5-7° for the (110) planes, or to the limits of accuracy required 1° and 6° respec- 


tively. The following table shows the results of the comparison of the observed 
(100) reflections with those expected :— 


Observed (Fig. 62). Observed + 1°. Calculated. 
0° Be | (111K x) 
32° 33° 220K 
59° 60° on 
120° Te | 120° 
150° 151° | (220K B) 
185° 186° | (111K «) 
Bi2° 213° | (220K B) | 
240° 241° | 240° | 
300° 301° | 300° 
328° 329° | (220 Kp) 


The suggested arrangement evidently accounts satisfactorily for the four larger 
| peaks of Fig. 6a. The small peaks at 0° and 185° are undoubtedly due to stray 
reflections from the (111) planes which occur at these angles (Fig. 5a). So we are 
| left with peaks at angles of 33° and 151° with OB to be accounted for, the intensity 
of these being but one-tenth of that of the other four. The larger peaks are repre- 
| sented in Fig. 8 by the lines OD and OD’, and are situated at the middle of the shaded 
areas shown in that diagram. 
Turning now to the (110) planes (Fig. 60), we have the following comparison 
between the observed and calculated angles :— 


Observed (Fig. 65). Observed + 6°. Calculated. 
28% 29° 30° | 
(85°) (91°) | 
| (115°) (121°) oe 
| (147°) (153°) 150° 
(203°) (209°) 210° 
265° Pail 600 
295° 301° dee 
327° 333° 330° 


Again we are left with two peaks unexplained at angles of 91° and 121° with OB. 


The remaining planes are represented by the lines OE and OE’ in Fig. 8, and the 
agreement between the suggested arrangement and the observed position of the 
planes is again good. 

We notice that (110) planes occur at angles of 29° and 333°, which are very close 
to the two unexplained peaks at angles of 33° and 329° in Fig. 5a. The angle of 
_ reflection from (100) planes for Ka radiation is 10-1°, and from (110) planes for Kp 
is 12-7°, the difference 2-6° being comparable with the angular divergence of the 
M2 
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incident beam of X-rays. It would, therefore, be possible for Kf radiation reflected 
from (110) planes to enter the chamber slit even when that was set to receive Ka 


radiation reflected from (100) planes. The point was tested by placing a zirconia — 
filter in front of the ionisation chamber, and the result is shown in the upper curve ~ 


of Fig. 6a. The third peak is quite distinct, but the second and fourth have dis- 
appeared, there being no variations in the region where they were expected that 


‘ 


cannot be ascribed to experimental error. All the maxima of Fig. 6a have now been . 
accounted for, and we have now to explain the presence of the peaks at angles of 91° — 


and 121° in Fig. 6b, when the chamber was in the position to receive the (110) 
reflections, 

It appeared possible that part of these two peaks might be due to scattered 
radiation, since the minima in Fig. 6b occur at points where the metal plate is parallel 
to the incident and reflected beams respectively. The upper curve in Fig. 6b shows 
the effect obtained when a plate of glass 2 mm. thick was substituted for the metal 
plate on the spectrometer table. Minima are observed in the places where the absorp- 


tion is evidently greatest, and maxima occur sensibly at the same angles as for the 


metal plates. The second and smaller unexplained peak is probably entirely due 
to this effect. The first must be partly due to the same effect, partly due to KB 
radiation reflected from (311) planes parallel to the surface, and partly due to reflec- 
tion of Ka radiation from the (110) planes, which with the suggested crystal orien- 
tation are inclined at 30° to the vertical (specrometer axis), and no doubt deviate 
from this ideal position to some extent. 

Further experiments were carried out on the reflections from (100) and (111) 
planes with a view to ascertaining the effect of scattering. In the case of (100), 
for example, the crystal table was rotated until the (100) plane giving the first peak 
on the left in Fig. 6a was in the position to reflect the Ka radiation, the chamber 
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being situated in the proper position (reading on scale of chamber 153°) to receive — 


the (100) reflection. The specimen was rotated in its own plane and readings taken 
at intervals of 20° (10° near the maxima) on the B scale. The results are shown in 
Fig. 9a. It will be observed that two maxima appear, separated by 180° in accord- 
ance with the arrangement of planes shown in Fig. 8, and that the intensity of these 
maxima is about three times that of the radiation scattered into the chamber when 
the specimen is in the other positions. Similar effects are shown in Fig. 96 when 
the reflections from (111) planes were examined. 

The specimen used to obtain the curve in Fig. 5a (0-5 mm. thick) was rotated 
in its own plane until the direction of rolling was vertical. The ionisation chamber 
was set to receive (111) reflections and the crystal table rotated, the readings being 
taken at 5° intervals as for the curve in Fig. 5a. The result is shown in Fig. 10a. 
Reflections from (111) planes occur at angles —29° and +30° from a vertical plane 
perpendicular to the surface of the material. There is very little trace, if any, of 
(111) reflections from planes perpendicular to the surface. 

The observed reflections agree with those to be expected from the arrangements 
suggested in the present Paper, according to which we are in the above experiment 
rotating the cube about the cube diagonal. The (111) planes are then inclined at 
20° to the axis of the spectrometer, and will come into the reflecting position at 
60° intervals, which is within 1° of the figure observed. 

, The specimen was now rotated about the axis A (Fig. 7) until the direction of 
rolling was 30° to the vertical. The peaks separated to 73°, and at —30° to the 


y 
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vertical the value of 70° was obtained as shown in Fig. 10a. These observations 
again agree with the reflections to be expected from the crystal orientation suggested 
here. The theoretical separation of 70°32’ is obtained because the planes at which 
reflections occur belong to the same set of crystals (either set “‘ a” or set “5 By. 

This experiment shows that the arrangement of crystals suggested by Mark 
and Weissenberg does not exist to any appreciable extent in aluminium rolled from 
1 cm. to 0-05 cm. thickness. 

The above results, which were exclusively obtained with the ionisation spec- 
trometer, confirm the conclusions of Wever. 


II. MEASUREMENTS BY THE PHOTOGRAPHIC METHOD. 


It was considered advisable to examine the problem further by the photo- 


» graphic method, in view of the discordant results obtained by previous observers 
' with this method of analysis. The rotating crystal method was used, the specimen 
_ of foil 0-01 cm. thick being rotated during exposure about the direction of rolling, 
_ the transverse direction and the foil normal respectively. The three photographs 


so obtained are shown in Figs. 11, 12 and 13, radiation from a copper anticathode 


| being employed in each case. If we take a line on the photograph perpendicular to 


the axis of rotation, and call the angle between this line and the line joining one of 
the diffraction spots to the centre spot a, then 


where g is the angle between the axis of rotation and the normal to the plane giving 
the spot, and @ is the glancing angle of the X-rays. It is, therefore, possible to cal- 
culate the values required by the arrangements of Mark and Weissenberg, and by 
that of Wever. This has been done, and the results are shown graphically for com- 
parison with the photographs. 

In Fig. 11 we have a photograph taken with the specimen rotating about the 
direction of rolling. The type of picture to be expected if the axis of rotation is 
within 8° of a [112] direction is shown in Fig. 14a, while Fig. 146 is constructed 
on the assumption that the axis lies anywhere between [111] and [112]. The chief 
difference between the two calculated diagrams is that in the latter the spots tend 
to run together. On the photographic plate the reflections of 100 planes seem to 
be a continuous band from a=26° to a=64°, with a very intense spot in the region 
covered by the smaller values of a. The photograph can be equally well interpreted 
by either arrangement. 

Fig. 12 is a photograph taken during rotation of the specimen about the trans- 


" verse direction. Fig. 15a is calculated from Mark and Weissenberg’s data, the axis 


of rotation lying between [201], [111] and [021]. Fig. 150 is constructed for the case 
when the axis lies between [110] and [221]. The position of the reflections from 
(100) is in agreement with the latter arrangement. 

The former requires this spot to lie in a position for which a=35+4", the latter 
requires a=47-+L3, while the observed value is 46-10, the greater width being due 
to the divergence of the X-ray beam. The arrangement of Mark and Weissenberg 
does not explain the position of the spots on this photograph. 
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The photograph in Fig. 13 is taken with the specimen rotating about the foil 
normal, It may be compared with Fig. 14a, which shows the theoretical distribution 
for rotation about a [112) direction. 

The photographs agree with the results obtained with the spectrometer, and 
confirm the results of Wever. 


(b) ; Fie. 14. (a) 
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CONCLUSIONS. 


When a cast specimen of aluminium containing a number of comparatively 

nee crystals orientated at random throughout the body of the material is rolled 

ne crystals break up into a large number of minute crystals. As the thickness of 

ferent is saree? diminished, the small crystals tend to take up a definite 
ation, each crystal having a cube diagonal in the direction of ing 

(211) plane in the plane of rolling, : ag aa 


Two sets of crystals exist in tl i 
_ tw : ne material after rolling, the one set being 
optical image of the other in the plane of rolling, : se 


FIG. 11.—X-RAY PHOTOGRAPH OF ALUMINIUM Fic. 13.— X-RAY PHOTOGRAPH OF ALUMINIUM 
For, TAKEN DURING ROTATION OF SPECIMEN For, TAKEN DURING ROTATION OF SPECIMEN 
ABOUT THE DIRECTION OF ROLLING. ABOUT THE Fort, NORMAL. 


Fic. 12. X-Ray PHOTOGRAPH OF ALUMINIUM FOIL, TAKEN DURING ROTATION OF SPECIMEN 
ABOUT THE TRANSVERSE DIRECTION. 
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The observations obtained by the ionisation spectrometer indicate that the 
type of the space lattice remains unaltered, and that the parameter of the material 
» in the severely worked condition does not differ from that of the annealed material 
by more than 0-5 per cent. On the other hand, the diffraction spots on the photo- 
» graphs are rather broad. This would suggest either that the parameter is subject 
to variations—in other words, that the lattice is distorted—or else that the crystals 
are of colloidal dimensions. The experiments described above are probably in 
themselves insufficient to decide between these two alternatives. It is to be 
observed, however, that deformation which takes place by “ slip” produces sub- 
divison of the crystals, and may or may not be accompanied by linear deformations. 
Determinations of the density of the material as cast and in various conditions after 
rolling showed no variations greater than 1 part in 1,000. This indicates that the 
; average lattice constant does not on the whole differ from the normal by more than 
_ 1 part in 3,000, and lends support to the determination by means of the spectrometer. 
. It does not, however, dispose of the possibility of the material being self-strained in 
such a. manner that parts of it are compressed while others are extended. 


DISCUSSION. 


Miss L. ELAM discussed the relative merits of the photographic and the ionisation-spectro- 
meter methods. ‘The latter method she considered somewhat unreliable for the present purpose, 
unless elaborate precautions be taken to move the specimen about both vertical and horizontal 
axes. If the reflecting planes be not accurately vertical, reflexions may occur which fail to 
enter the chamber and so pass unnoticed, and in any case the intensity is so much affected by 
the inclination of the specimen that little importance can be attached to the maximum and 
minimum values obtained. Thus the flattening of the peaks in Fig. 3 may be due to this cause, 
the orientation of the crystals being altered in the vertical plane by rolling ; some of them may 
become placed in a more favourable position for affecting the chamber. This suggestion is 
borne out by the photographs in the Paper, since they show an almost continuous ring of 
scattered radiation where the ionisation chamber gives indications corresponding to only a few 
degrees of this ring. 

Prof. F. L. Hopwoop said that both speakers had avoided referring to the amorphous 
surface layer. Had the assumption that such a layer exists been abandoned ? 

Dr. E. A. OWEN, in reply, said that he disagreed with Miss Elam. He considered that the 
spectrometer method was as reliable as, if not in some respects superior to, the photographic 
method. In the latter the photographs showed reflections from a number of crystal planes in 
the specimen, but they gave no indication as to the orientation of the specimen when the 
reflections occurred. In the spectrometer method, as used here, the specimen could be turned 
in any direction so that the reflections from any desired set of planes in the specimen could be 
examined. He was of opinion, however, that the most satisfactory procedure was to employ the 
two methods in conjunction, as had been done in the investigation described in the Paper, in 
which an attempt was made to decide between two discordant results obtained by the photo- 
graphic method. No indication of an amorphous layer had been found in these experiments. 

Dr. E. V. PuLliNn (communicated) : It may be of interest if I contribute one or two spectro- 
grams which serve to illustrate Dr. Owen’s remarks. These were obtained some five or six 
months ago in my laboratory by Dr. Gilbert West. Fig. I is a spectrogram of aluminium before 
strain taken by the reflection method and using rhodium radiation. Fig. I] is a similar spectro- 
gram taken after the aluminium had been strained. It will be seen that the speckled appearance, 
indicating large crystals, has disappeared in Fig. IJ. Figs. II and IV are spectrograms taken 
by the transmission method using unfiltered Tungsten radiation. In Fig. III large crystals 
are again indicated by the spotted appearance. In Fig. IV this has disappeared, indicating 
once more the break-up of the large crystals into smaller ones. The figure also illustrates that 
although broken up, the lattices of the crystal fragments are preferentially oriented. 
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XVIIL—THE SPREADING OF ONE LIQUID ON THE SURFACE OF 
ANOTHER. 


By R. S. Burpon, B.Sc., A.Inst.P., Lecturer in Physics, University of 
Adelaide. 


Received October 30, 1925. 
(Communicated by Mr. EDWIN EDSER, A.R.CS., F.Inst.P.) 


SUMMARY. 


The Paper gives an account of preliminary investigations into the spreading of liquids on 
mercury. Water and solutions of a number of inorganic substances are tested. 

Purest ‘‘ conductivity ’’ water in the presence of air is found to spread very slowly on a 
clean mercury surface; the spreading is greatly accelerated by traces of acid in solution, and 
totally inhibited by traces of alkali. 

All the neutral salts tested, even chlorides of mercury and silver, are found to produce 
rapid spreading. By varying the concentration of the solution the rate of spreading is con- 
trolled ; the phenomena are described and photographed. 

All acid solutions tested spread rapidly, probably reacting chemically with the mercury. 
One part of hydrochloric acid in ten million of water definitely accelerates spreading. A drop 
of very dilute acid spreads rapidly to cover a definite area and stops, any further spreading being 
as slow as that of water. The area covered during the rapid stage depends on the nature of the 
acid ; it is proportional to the number of acid molecules present, and is larger than would be 
expected if a monomolecular layer of the appropriate salt were formed on the mercury surface, 

Drops of certain alkaline solutions, notably ammonia, are found to spread after a period 
of delay, the spreading being due to carbon dioxide absorbed from the air. 

_ _ Electrostatic fields up to 4,000 volts/em. applied perpendicular to the surface produce no 
visible results. Placing a platinum wire from one terminal of a battery in the mercury and 
from the other terminal in the drop, and applying small voltages, causes spreading even in alkalis 
if the mercury be positive, and prevents spreading even in dilute acids if the mercury be negative. 

Increasing the field beyond that necessary to prevent spreading (mercury negative) sets 
up an oscillation, the drop spreading till it breaks contact with the terminal, and then contracting. 
An E..M.F. of 400 volts was required to produce this effect with a drop of conductivity water. 

A method of photographing films on the surface of mercury is described. By the same 
means a photograph is obtained showing a drop of oil spreading on a water surface. The spread- 
ing film is preceded by a well defined ridge, probably that observed by Osborne Reynolds, but 
apparently by none of the more recent writers. 

The Paper concludes with a description of a ridge that may be observed under certain 
conditions when water is draining from a sheet of perfectly clean glass. 


I. INTRODUCTION. 


|N recent years a number of investigations by different inquirers have dealt with 

the spreading of organic liquids on the surface of water, and particularly with 
the nature of the molecular surface film in its condition of extreme tenuity.* The 
corresponding phenomena when mercury is substituted for water have not received 
an equal amount of attention. With a view to ascertaining what specific differences 
might exist in the case of the two liquids, and particularly in order to test the cor- 
rectness of the view regarding the part played by chemical affinity in the phenomena 


*Langmuir, Jour. Am, Chem. Soc., September (1917). Harkins, Jour, Am, Chem. Soc., 


p. 354 (1917). Adam, Proc. Roy. Soc., A. 99, p. 336; and A. 101, p. 452. Labrouste, Ann. 
de Physique, 14, p. 164. 
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of spreading, the investigation hereunder described was proposed to me by Prof. 
Kerr Grant in 1922, and has been proceeding since that date. 

The Paper contains an account, which is almost purely descriptive, of the more 
important results which have been obtained. No comprehensive theory has yet 
been found to cover all the observed facts, which appear to be as difficult to explain 
on the basis of Langmuir’s chemical theory of spreading as on that of the customary 


physical theory. 


II. PREPARATION OF MATERIALS. 


The difficulty of obtaining a perfectly clean mercury surface can only be 
realized by those who have attempted to work with this liquid on surface tension 
phenomena. No ordinary “chemically pure’’ distilled mercury is of the slightest 
use. After trying several of the usual methods of cleaning mercury without success, 
it was found that by distilling in a hard glass still in a slow air current, and then 


shaking thoroughly with a mixture of sulphuric acid and potassium bichromate, 
| it was possible to obtain mercury having a satisfactory surface. 


This method gave mercury which henceforth, so long as it received no fatty 
contamination, only required to be washed and passed through a separating funnel 
in order to give consistent behaviour. 

Mercury is exceedingly liable to receive contamination from glassware. In 
some of the experiments glass dishes 3in. in diameter and +in. deep were used. 
Three of these were washed in strong chromic acid solution for some hours, then 
boiled for some time in distilled water and rinsed in pure cold water. They main- 
tained a perfect unbroken water film until dry, yet when filled with clean mercury 
from the same bottle they showed distinct characteristics ; a drop of tap water 
placed on mercury in the first dish spread completely ; there was only a slight 
spread on mercury in the second dish, and none at all in the third. 

Prolonged treatment finally brought the dishes to a uniformly satisfactory 
state, after which they remained clean if reasonable care were exercised. 


III. WATER ON THE SURFACE OF MERCURY. 


There are still differences of opinion as to the behaviour of pure water on a 
mercury surface. The observations of Harkins* agree in a general way with those 
made in these experiments. 

In the presence of air, a drop of ordinary distilled water placed on a fresh 
mercury surface spreads slowly and uniformly, retaining its circular form. The 
spreading continues until, under the processes combined with evaporation, the drop 
passes through a stage showing film-colours, and vanishes by evaporation. (This 
forms a simple test of the perfection of the mercury surface.) If this has not involved 
too long an exposure of the mercury surface, a second drop will behave in a similar 


manner. Harkins* states that a mercury surface exposed to air rapidly becomes 


contaminated by a film of water-vapour, and suggests this as the reason for water 
not spreading on a surface which has been exposed for any length of time. It is 
found, however, that a drop of water will spread on the surface after a previous 
drop has spread and evaporated, and also after the mercury has been exposed in an 
atmosphere saturated with water-vapour until a visible film has condensed on it, 


* Journal Am. Chem. Soc., December (1920), and December (1922). 
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and the surface is then allowed to dry without disturbance. In the presence of a 
saturated atmosphere, however, a drop of water does not spread. Moreover, if the 
mercury surface be contaminated by the addition of one-tenth the amount of oil | 
necessary to give a monomolecular layer over it, the water is prevented from — 
spreading. 

A drop of tap-water spreads many times faster than distilled water. The j 
purer the water the more slowly it spreads. High-grade conductivity water was — 
prepared by re-distilling conductivity water in a pyrex all-glass still and condenser. 
This water is found to spread uniformly taking possibly 5 minutes for a drop to ~ 
spread to a disc 5cm. in diameter. Water from a soft glass still did not spread, 
and this was found to be due to traces of alkali present even after steaming out for — 
some days. (See Section VI.) . 

In an atmosphere containing a high percentage of CO, a drop of conductivity — 
water spreads rapidly after a few seconds. A small percentage of NH, in the atmo- — 
sphere entirely prevents spreading. 

The increasing slowness of spread with increasing purity of water makes it at 
least probable that pure water spreads on the surface of mercury only in virtue of 
the presence of dissociated molecules. Evidence given later shows that the presence 
of the H-ion accelerates spreading while the OH-ion retards or inhibits it. 


IV. SoLutTions OF INORGANIC SALTS. 

The addition of acid or neutral salt to water greatly increases its rate of spreading 
on mercury. One part NaCl in 100,000 parts water markedly increases the rate 
and the effect of one part HCl in ten millions of water is quite evident. 

If the spreading is not too rapid, and the mercury is in perfect condition and free 
from vibration, the drop maintains a circular form having a ridge around the peri- 
phery. This ridge then develops irregularities which slowly resolve themselves 
into droplets. The phenomenon appears to be of the same nature as that observed 
by Devaux* when benzine spreads on slightly contaminated water, but here the 
process can be made to take place quite slowly and the changes studied in detail. 

The very general occurrence of this ridge at the edge of the spreading liquid 
appears to support the theory of squeezing action as the cause of spreading.} Thisis 
particularly the case with very dilute HClin which one would expect the active cause 
of spread (HCl) to be less concentrated at the advancing periphery of the drop 
than elsewhere owing to its removal by reaction with the mercury. (See Section V.) 
The centre of the spreading disc where the HCl is more concentrated might then 
exert a squeezing action forcing the liquid to spread outward as indicated by the 
ridge. The difficulty here as in other cases is to picture the mechanism by which 
the addition of one molecule of HCl to some millions of water-molecules is going 
to greatly increase the squeezing action between the water and mercury. ; 

Photography of water films possibly less than one thousandth of an inch in 
thickness on a mercury surface presents difficulties, but by the method described 
in Section VIII, the accompanying plates (Nos. 1-10) were obtained. These give 
an idea of the phenomena occurring during spreading, but each picture represents 
a different drop as it was not possible to obtain a series showing the stages from a 
single drop. Moreover the pictures are foreshortened, circular drops “appearing 

i Jour. de Physique, p. 698 (1912). 
yj Edser: Fourth Report on Colloid Chemistry, B.A.A.S. 
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as ellipses. The amount of foreshortening is shown by Plate No. 1, which represents 
a drop of conductivity water that has spread to a circle 3-5 cm. in diameter. 

All the plates show certain markings near the centre which are due to flaws in 
the large lens of the optical system being reflected in the mercury surface. 

Plates Nos. 2-7 represent drops of 0-05 normal solution of NaCl. The peri- 
pheral ridge is shown (Nos, 2-4), the development of instabilities in this ridge finally 
giving a surrounding ring of droplets (Nos. 4, 5 and 6). The solution then pulls 
away from this ring of drops as shown in No. 6. The film develops further instabili- 
ties and resolves into a series of droplets more or less evenly distributed over the 
surface as shown in No. 7. 

In obtaining these plates the mercury surface was exposed to atmospheric 
dust and a curious phenomenon was observed. Each dust mote landing on the 
very thin liquid film commences to rotate, some at high speeds, but more usually 
taking one or two seconds per rotation. This forces the liquid of the film out into 
a spiral-shaped ridge. Plates Nos. 3, 4 and 5 show progressive stages in the forma- 
tion of these spirals. No. 6 shows the final stage in which each spiral has developed 
into a ring of droplets. 

Plates Nos. 8 and 9 show the typical appearance when a more concentrated 
solution is used and dust is excluded. Within the outer ring of droplets (aot shown 
in Plates) corrugations appear all over the surface (No. 8). These rapidly resolve 
themselves into drops (No. 9). Then as evaporation proceeds the salt crystallizes 
out, minute crystals forming and dashing hither and thither before attaching them- 
selves to the crystal pattern. Beautiful opalescent colours are seen as the layer 
of crystals acquires the requisite thickness. 

The velocity of spread is high for concentrations greater than one part salt 
in 20,000 of water. Below this value the rate of spread decreases rapidly. 

A solution of ammonium carbonate spreads with great speed to the edge of the 
mercury and immediately contracts to a drop again, film colours showing for an 
instant over the surface after the drop has contracted. A ring of very tiny droplets 
is left at the outer limit to which the drop spreads. These droplets then each spread 
and evaporate leaving a film of carbonate over the mercury. As soon as this process 
is completed the original drop flashes out again throwing off a second ring of droplets. 
This goes on until the whole surface is covered with a solid deposit of carbonate. 

The process here appears to be of the same nature as that observed with certain 
oils on water, i.e., the solution spreads but becomes unstable and the surplus liquid 
rapidly collects into a drop again. In the case of some oils on water this condition 
is then stable but with the solution on mercury the process is repeated. The thin 
film evaporates and since the ammonium carbonate left behind apparently does not 
affect the surface tension of the mercury the drop of solution spreads again as soon 
as evaporation is complete. 

By using solutions of different salts a great diversity of effects is shown. No 
two salts behave in quite the same way, though there are certain broad similarities, 
solution of salts of a given type (e.g., carbonates), showing certain features in common 
as distinct from those exhibited by solutions of, say, the chlorides. 

A point of interest is that the addition of a minute quantity of carefully washed 
calomel to conductivity water causes it to spread rapidly. Dr. Cooke, of this 
University, to whom this fact was submitted, suggests that this may be due to 
hydrolysis of the dissolved Hg,Cl, producing free HCl. 


152 Mr. R. S. Burdon on 


V. InorGANIC ACIDS. 


Hydrochloric acid of concentration as great as 0-01 normal flashes out over 
the surface and contracts again to a drop, leaving a film of calomel on the mercury. 
The drop then expands and contracts in an irregular manner wherever it succeeds 
in sweeping aside or breaking through the calomel on the mercury surface. The 
movements are strongly suggestive of those occurring in living micro-organizms. 
When the drop finally comes to rest there is a pale blue film over the mercury surface, 
and generally further flakes of solid within the drop. Sufficient calomel was collected 
to identify it by chemical tests. 

(a) Definite Limit to Area of Rapid Spread—In working with progressively 
increasing dilutions of any salt or acid it is found that at a certain point the rate 
of spread begins to decrease much more rapidly than the concentration. The 
dilution at which this occurs differs widely for different substances and is much 
greater for acids than for salts. With acids the effect manifests itself in a very 
striking way. Thus a drop of very dilute HCl was found to spread to a circle 4 cm- 
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radius in one second and thereafter to spread as slowly as pure water, taking ap- 
proximately a minute to increase its diameter by a further 5 mm. The transition 
point is very definite ; using a scale supported just above the mercury surface so 
as to be reflected in it, it is possible to measure to within 0-5 mm. the diameter of 
the disc when rapid spreading ceases. 

With a given concentration of acid the area covered during the stage of rapid 
spread 1s proportional to the mass of the drop. Fig. 1 shows mass of drop plotted 
eae wr for drops 1, 2 3 and 4 times the mass of the drop given by the 
a sy oe of constant size the area covered is proportional to the concentra- 
ae g. 2 shows concentrations plotted against areas covered for HCl and HBr 

sing drops of constant size but varying concentration, Thus a drop of HCl 
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solution spreads rapidly to an area that depends only on the number of acid mole- 
cules present in the drop. This relation certainly holds down to a point where 
the film is less than -001 mm. in thickness. Always there is this rapid spreading 
and abrupt stoppage, followed by a further very slow spreading except in cases 
where the film is very thin. 

Observations were taken on the areas covered by drops of known mass and 
concentration for HCl, HBr, and HNO. Solutions of moderate strength in con- 
ductivity water were prepared and measured by titration. Then by direct dilution 
the concentration was reduced to 0°000084 normal. 

The pipette used gave drops with an average mass of 0-029 gm. Each drop 
thus contained approximately 2-45 <10-® gm. mol. of acid. In making the obser- 
vations a reading was taken with each acid in turn and this was repeated until 
sufficient readings were taken. This assures that differences in area covered by 
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different acids were not due to using mercury surfaces of varying degrees of freedom 


from contamination. 
The mean areas covered by a drop of each kind of acid were :— 


HNO, SoA oe a oe Ozasd.. Cin. 
PLC. abr Gi PP eee One eae, 
HBr ae Se ace ere vaca, 


Taking 6-06 x 1023 molecules per gm. mol. the numbers of acid molecules persq. cm. 
of mercury surface when rapid spread ceased were for 
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Now 1 c.c. of mercury contains approximately 


15°6 6.06 x 1028=41-2 x 10% atoms. 
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One sq. cm. of mercury surface should, therefore, contain about 
(41-2 « 1024)2/3—12 x 1014 atoms of mercury. 


Hence the acid spreads rapidly until it covers an area such that there is only one acid 
molecule to about ten mercury atoms at the common surface. 

Assuming that the spreading is accompanied by chemical action here, as i1 
certainly is at higher concentrations, it seems that only about one-tenth of the 
atoms in the mercury surface are attacked unless there is a transition layer of very 
low density at the surface of the mercury. Though the areas covered are con- 
sistent to within a few per cent., it is unlikely that a continuous monomolecular 
layer of mercury compound is formed on the surface, firstly, because of the large 
area covered per molecule of acid, and secondly, because the bromide occupies 
considerably smaller area per molecule than the chloride. 

There does appear to be a definite connection between the area and the activity 
of the acid. At such dilutions there would be complete ionization, and hence 
identical H-ion concentrations, yet acids show these pronounced differences in the 
extent of spreading. Moreover, heating the mercury to 60°C. causes an increase 
in the area covered. The heating produces a more rapid spreading and a moré 
pronounced peripheral ridge. After the first drop has evaporated from the hot 
mercury a second drop will spread. This shows that the surface is almost uncon- 
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Fic. 3— WATER ON THE POINT OF FLOWING OVER THE EDGE OF A MERCURY SURFACE. 


taminated as would be expected from the small number of molecules of mercury 
salt formed. It is not possible, however, to repeat the process more than three 
or four times. 

(b) Spreading stopped by Curvature of Mercury Surface.—After a drop of water 
or solution has spread on a mercury surface it is observed that on pouring the 
mercury from the dish the liquid film invariably collects and travels out on the 
top of the mercury stream. This is the case even where a considerable amount 
of solution has been placed on the mercury. 

By grinding a shallow depression in a sheet of plate glass and filling with mercury 
a surface of constant area was obtained, the surface of the mercury being well above 
the containing dish (see Fig. 3). It was found that the spreading drop never went 
over the curved edge of the mercury. Even with acid solution in which the velocity 
of spread may be a thousand times as great as that of water, the solution neve 
goes over the edge. Using a burette, observations were taken of the amount o 
solution that could be added before it flowed over the edge of the mercury. Con 
ductivity water was found to break and flow over just as the water sheet reachec 
a thickness of 45mm, Dilute acid solution ovreflowed at the same thickness a: 
nearly as could be determined. Conductivity water was then dropped from <« 
burette on to a freshly-paraffined glass surface and the water was found always tc 
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cover such an area that its depth was very nearly 45mm. It appears then that 
the addition of an electrolyte to water merely increases the velocity of spread on 
‘mercury without causing it to spread further. Moreover, it is the surface tension 
of the solution and not that of the interface which appears to determine when the 
‘solution will flow over the curved edge of the mercury. 


A small drop of olive oil or of liquid paraffin, on the other hand, at once spreads 
completely over the mercury surface, spreading down over the curve as readily as 
on the plane surface. 


VI. SoLuTIONS OF INORGANIC BASEs. 


These solutions do not spread on mercury. Hydroxides of barium, calcium, 
‘sodium, potassium and ammonium were tested. The presence of the OH-ion tends. 
, actively to prevent spreading, i.e., it does not merely fail to cause it, for a solution 
' of NaCl may be prevented from spreading by the addition of NaOH. 

f Action of Atmospheric CO,.—A solution of pure Na,CO, will not spread, but 
after prolonged exposure to the air it may spread owing to the absorption of CO,,. 
A drop of commercial ammonia fortis placed on mercury shows a violent swirling 
motion at the periphery, and after a few seconds begins to spread rapidly. Pure 
ammonia fortis was then prepared by passing NH, over caustic potash into con- 
ductivity water. A drop of this showed no sign of spreading or of action at the 
periphery for several minutes. After about five minutes the drop flattens and 
spreads fairly rapidly. This period of hesitation is found to be consistent and is 
: greater for larger drops and for more dilute solutions. The latter fact shows that the 
delay is not merely the time required for the drop to lose NH, to the air. The 
| spreading is due to a combination of two processes. (1) Loss of NH, with conse- 
quent reduction in the OH-ion concentration, and (2) the formation of (NH,),CO, 
by absorption of CO, from the atmosphere. The period which elapses before 
: spreading begins is reduced by placing the dish in a current of air containing a higher 
| percentage of CO,. 

| A solution of ammonia was prepared of such concentration that a period of 
seven minutes elapsed before the drop commenced to spread. Even this long period 
was found to be constant to within a few seconds. The extreme difficulty of main- 
taining a clean mercury surface probably renders this impracticable as a means of 
determining the CO, content of the air. 


VII. Errects oF ELrecrric FIELDS AND ELECTROLYSIS. 


Since spreading appears to be determined by the nature of the ions, it was 
resolved to try the effects of electric fields in controlling these. 

(a) Static Fields —One terminal of a 400-volt battery was placed in the mercury, 
and the other connected to a small horizontal plate which could be lowered over 
the mercury. For water and other liquids that do not spread rapidly, it was found 
that fields up to 4,000 volts/cm. produced no visible differences in the phenomena. 

(b) Closed Circuits.—The effect of applying various voltages directly across the 
drop was then tried. One terminal was placed in the mercury and the other (a 
clean platinum wire) was brought into contact with the drop. With solutions of 
| KOH or NaOH, and the mercury positive, at about 2 volts a slow spreading occurs, 
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and a grey film (probably oxide or hydroxide of mercury) forms in concentric rings 
on the surface. Reversing the field causes the surface to clear, while the solution 
collects once more into a drop. Then, if the voltage is sufficient, the drop spreads 
again until it pulls away from the platinum wire. It thereupon contracts rapidly 
to a drop once more, comes into contact with the platinum wire and again spreads, 
the process repeating itself indefinitely. This alternate expansion and contraction 
occurs at a point that is definite to within 0-01° volt under given conditions. Just 
at the critical voltage the drop spreads slowly to an inch or more in diameter, and 
contracts rapidly on breaking from the platinum point. With a slightly higher 
voltage the process is so rapid that the oscillation of the drop gives an interruption 
of the current of sufficient frequency to cause a fluttering sound in a telephone joined 
in parallel with the drop. With still higher voltages (6-10 volts) the initial spread 
may be so violent that the drop flies to pieces. 

For NaOH and KOH the oscillation sets in at a voltage close to the decom- 
position voltage, but the actual amount of current passing through the drop appears 


Fic, 4.—METHOD oF USING A --VE TERMINAL, COMPOSED OF THE SAME LIQUID AS THAT IN THE 
DROP ON THE MERCURY SURFACE. 


to be an important factor. Thus a solution of NH,OH requires a higher voltage 
to produce oscillation than does a solution of KOH, although the decomposition 
voltage of the ammonia is the lower, the reason probably being that the ammonia 
has the lower conductivity. It is possible that if correction were made for voltage 
drop elsewhere in the circuit it would be found that oscillation begins when the 
decomposition voltage is applied across the solution-mercury surface. 

It seemed possible that the rapid oscillation of the drop might be due to an 
action similar to that in the Wehnelt interruptor. It is found, however, that the 
same effect is produced if the platinum wire is replaced by a glass tube filled with 
the same liquid as in the drop (see Fig. 4). The break occurs simply by the drop 
spreading until it pulls away from the point, and not by any film forming on the 
platinum, Moreover, the spreading drop is caused to contract by a break anywhere 
in the circuit. 


It would appear that the presence of OH-ions normally tends to prevent spread, 


— 
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but that when they are driven on to the mercury surface by an electric field, and are 


able to give up their extra electron, spreading will occur. On reversing the polarity 


the drop progressively contracts till all the film has disappeared from the mercury. 


_ The subsequent deposition of the Na or K-ion on the mercury is accompanied by 
| rapid spreading until the circuit is broken. Thereupon the Na or K on the mercury 


probably attacks the water forming hydrates which in turn cause the contraction 
(see Section VI). 

The explanation, however, is not quite so simple, since this oscillation can be 
obtained with any solution, unless the conductivity is so high that an arc forms 


| before the necessary voltage is reached. For a drop of conductivity water an 


E.M.F. of three volts is sufficient to markedly accelerate spreading (mercury positive), 
or to cause a partial contraction (mercury negative). A great increase in voltage, 
however, is necessary to make the drop oscillate, 70 volts being necessary for ordinary 


_ distilled water, and as much as 400 volts for a drop of conductivity water (in air). 
_ Apparently in this case the H-ion produces exactly the same effect as the Na or 
_ K-ion above, a much greater voltage being necessary in order to drive sufficient ions 
onto the mercury. The fact that a field of several thousand volts per centimetre 


_ can be applied across a drop of water without producing appreciable electrolysis is in 
_ itself interesting evidence of the quality of the water. 


Substances that naturally spread rapidly were tested by holding the platinum 
wire just above the mercury surface (the mercury being negative) and then allowing 
the drop of sulution to run down the wire. Using this device, sodium chloride 
solution could be prevented from spreading and caused to oscillate. It was even 
possible to prevent dilute HCl from spreading. With a 0-0002 normal solution 


of HCl it requires approximately 30 volts to prevent spreading and 250 volts to 


produce oscillation. For higher concentrations the voltage necessary is so high 
that an arc forms between point and mercury surface before the value which would 
prevent spreading is reached. 


VIII. ADDITIONAL PHENOMENA AND AN IMPROVED MEANS OF OBSERVATION. 


(a) Projection and Photography of Phenomena.—Photography of thin transparent 
films on a perfect mercury surface is impossible by ordinary means. The modern 
“ point-o-lite ”’ lamp, however, gives a powerful point source, and if light from such 
a source is reflected by the mercury surface on to a screen a fairly well defined image 
of objects on the mercury surface is thrown on the screen. In particular the edges 
of drops and films show up owing to their curvature interfering with the regular 
reflection from the mercury surface. This method is of great assistance in observing 
phenomena, and, further, permits of their exhibition to an audience. 

For photography, better definition is secured if the arrangement sketched 


. (sce Fig. 5) is used. Light from P is caused to converge on to the mercury surface M 


and is received on the photo plate after it has converged to a point and is diverging 
again. . Definition is further improved if the lens is left in the camera C, and the 
camera focused as well as possible on to the mercury surface. The foreshortening 
of the picture in one direction is due to the oblique incidence of the light. This 
could be reduced by using more nearly normal light in the method, as used by 
Vincent* in his photography of ripples on a mercury surface. 


* Phil. Mag., June (1897). 
VOL, 38 N 
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(b) Ridge Described by Osborne Reynolds.—-A water surface reflects light well 
enough for the above method of projection to be used, when the phenomena of 
spreading films show up with a wealth of detail. 

As is well known, if a trace of olive oil be dissolved in pure benzol, and the 
solution added drop by drop to a clean water surface, the first drops flash over the 
surface and disappear, after showing beautiful film colours. Successive drops spread 
more and more slowly, down to the stage where sufficient oil has been added to 
form a monomolecular layer on the surface of the water and drops no longer spread. 

Plate No. 10 shows a drop of the solution spreading on a surface of water that 
has been slightly contaminated. Observation shows that the phenomena are of 
essentially the same nature with a perfectly clean surface, but then the processes 
occur too rapidly to be photographed by the method used. The limit of the visible 
film of benzol is clearly shown in the plate by the Newton’s rings. About an inch 
beyond the visible drop, however, is shown a clearly defined white line, indicating 
sharp curvature or a ridge on the water surface. This ridge is quite invisible with 
ordinary methods of illumination, but is easily observed with the arrangement 


Fic, 5,—ARRANGEMENT FOR PHOTOGRAPHY OF FILMS ON A MERCURY SURFACE. 


described. There is little doubt that this is the ridge which Osborne Reynolds 
observed under certain conditions when grease was spreading on a water surface, and 
to which Edser* refers. When a drop of the benzol solution is placed on a clean 
water surface the ridge travels outward so fast that it is only observed with difficulty. 
Che principle involved in rendering the ridge visible is essentially the same as that 
employed by Labroustet in rendering visible the stationary edge of a monomolecular: 
layer of oil on a water surface. 

(c) A Phenomenon shown by a Water Film on a Glass Surface-—If a perfectly 
clean glass dish of the kind described above (Section II) be rinsed with water and 
then held vertically, as it drains a well defined horizontal line, apparently a ridge 
of water, travels upward across the glass. The ridge is thick enough to distort the 
appearance of objects viewed through the glass, and to focus sunlight shining 
through the dish into a sharp line of light. If, when the line has travelled half-way 


* B.A.A.S. Fourth Report on Colloid Chemistry, p. 49. 
} Ann, de Physique, 14, p. 164, 
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across the dish, the latter be rotated through 90° making the line vertical, the lower 
half of the line swings round into a horizontal position and then continues to travel 
upward. 

The same effect may be seen using a piece of plane glass, though this must be 
handled by means of a glass rod sealed on to the sheet in order to avoid touching 
the surface in lifting it from the water. Examined in sodium light, the film of water 
shows horizontal interference fringes which are crowded together near the ridge, 


‘indicating that it is an actual thickening in the water film. 


If lycopodium be blown on to the surface after the ridge has commenced to 
travel across it, it will be seen that there is considerable movement in the surface 
layer of the film near the ridge. Some particles of the powder may be swept upward 
an inch or more by the ridge onits passage. Nevertheless, the water goes on draining 


downward throughout, and if the plate of glass is too large the ridge will fail to 
reach the top owing to the water film above it becoming too thin. 


IX. CONCLUSION. 


This Paper is mainly a description of phenomena observed in the preliminary 
work on the subject. The observations confirm the views of certain earlier writers 
that very minute variations decide the spreading or otherwise of water on mercury, 
but further show that the number and nature of ions present is an important deciding 
factor. 

Any theory or explanation of the effects observed other than is included in general 
remarks in the various sections of the Paper would, at this stage, be largely guess 


work. 
In conclusion, the writer wishes to express his thanks to Prof. Kerr Grant for 


“helpful suggestions, encouragement and interest throughout ; also to Mr. M. L. 


Oliphant, B.Sc., for manufacturing the stills used and for assistance both on theo- 


retical and practical points, 
DISCUSSION. 


Mr. EDWIN EDSER read an extract from a communication from Osborne Reynolds to the 
British Association in 1881, describing the rib or slight elevation formed at the advancing edge 
of the film formed when an oil spreads over water; Osborne Reynolds concluded from this 
phenomenon that the forces which produce capillary effects are not confined to attractions 
between contiguous molecules. Mr. Edser referred to a Paper by Leslie in the Philosophical 
Magazine of 1802, which gives an explanation of the rise of a liquid in a capillary tube ; the 
rise is ascribed to an attraction exerted by the walls of the tube on the neighbouring liquid which 
results in this liquid being squeezed up the walls, provided that the attraction extends into the 
liquid to a considerable distance. Reference was next made to a similar explanation of the 
spreading of oil over water, given by Millikan in a small text-book on physics, entitled ‘‘ Mechanics, 
Molecular Physics and Heat,’’ published in 1902. The water is assumed to exert an attraction 
on the oil, extending into the latter to a distance much greater than a molecular diameter, with 
the result that the oil is squeezed out over the surface until the film of oil attains a thickness of 
the order of magnitude of the diameter of a molecule of oil, when the spreading virtually ceases. 


"Mr. Edser pointed out that, from the equality of action and reaction, it follows that the oil will 


exert a squeezing action on the superficial layer of water immediately beneath it, with the result 
that the advancing edge of the oil will be preceded by a minute ridge of water which has been 
set in motion If drops of a solution of permanganate of potash are allowed to sink through the 
surface of still water, vertical-coloured trails are left behind, and, on touching the surface of the 
water with a needle moistened with oleic acid, the trails are bent sharply just below the surface 
and drawn out along the surface ; this experiment demonstrates that a thin film of water is set 
in motion by the advancing film of oil. Some oils, such as hydrocarbons of the type C,H 2p +2 
do not spread over water, but form lenticular drops. The shape of the upper surfaces of these 
drops is instructive. The curvature is uniform except near the edge of a drop, where an abrupt 
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increase of curvature is observed, giving the appearance, described by Hardy, that the surface 
is ‘tucked in” round the edge. The only explanation that can be given of this abrupt increase 
of curvature is that the water exerts a considerable attraction extending some distance into the 
oil, with the result that a pressure is produced tending to squeeze the cil out over the water ; 
the tendency to spread is, however, successfully withstood by the strongly-curved surface of the 
oil at the edge of the drop. 

Mr, A. V. SLATER: Although Mr. Burdon states in concluding his Paper that any theory 
would be guesswork at the present stage, his Paper appears to me to afford several further 
proofs of already fairly well-known theories. At all events it cannot but be helpful to express 
such phenomena as are relevant in terms of existing theories, if only with the object of stimulating 
discussion. 

1. The “ distillation theory ’’ of spreading is still further discountenanced by Mr. Burdon’s 
observations that spreading of water is accelerated by traces of acid and inhibited by traces of 
alkali, which, of course, would not greatly affect spreading by distillation. 

2. According to recent work by Rideat and co-workers (Proc. Roy. Soc.), the spreading 
of a fatty acid on water is due to a pull across the interface and the fatty acid spreads because 
it, perforce, has to’spread. Now, this tension across the interface is explained by molecular 
attraction between the COOH groups and the water ; in Mr. Burdon’s case, the attraction is 
between a mercury surface and mercury ions in solution. The extent of the area covered during 
the vapid stage, being proportional to the number of molecules of acid present, is in accord with 
this theory—the attraction across the interface being between mercury atoms in the surface and 
Hg ions, plus their complement of water of hydration, in the solution. Consequently, the film 
will be more than a molecule thick and should depend on the extent of hydration of the attracted 
ion, Any water in excess of that required to hydrate the ions will spread slowly at the rate 
for pure water. 

3. The advancing ridge observed on spreading may be due to the frictional resistance offered 
by the surface. 

Mr. A. DE WAELE (communicated) : Although unable to be present at this meeting, I have 
had an opportunity of perusing the advance proofs of this most interesting paper. I invariably 
feel that great thanks are due to investigators of surface and interface phenomena for their work, 
owing to the close relation of such problems to cell processes and, perhaps, although the connection 
may not be so immediately apparent, to molecular dynamics. 

A phenomenon which has given me much food for thought, but that has never struck me as 
of easy demonstration until this evening, is that of the disturbance of the equilibrium thickness of 
the critical layer by curvature of the phase of higher surface tension. That such critical thickness 
is modified in the direction of a very substantial increase is evident by the following consideration. 
Under experimental conditions well known to paint technologists, it is possible to determine the 
specific absorption of liquid medium necessary to convert a finely-divided solid powder to a paste, 
the transition from a loose non-wetting powder to a coherent paste possessing incipient adhesion 
(external wetting power) being quite critical. From the ratio of volumes of solid and liquid 
phases in the system so obtained, with powders of reasonable uniformity of dispersion and 
spherical form, considerable divergences are realised from the ratios corresponding to either 
cubical or hexagonal piling. That the discrepancy should amount to that accounted for by an 
Pipe ie: of liquid one or two molecules thick must certainly be anticipated, but 
e arent paced a to a thickness of the order of, very often, one hundred 
oe Laer me a A ips ae hand term of the Dupré equation referred to by Harkins as 
Coe Fe oie a ; ae hn as the reciprocal of the relative thickness of the critical 
: ed oc es ae pies oe take the generally-accepted statement that oleic acid spreads to 
for liquids eit ee e er, ‘a ave that this substance marks the lower limit of thickness 
PA He SES tose a isan u in a si water phase. Returning to the solid-liquid paste previously 
srk eritieicn rg cig ae 1 dec pared polar phases as, let us say, zine oxide and linseed oil, 

Thesis re ee sh _ ol layer corresponding to about 30 molecules. 
ie Pia: 8 pi pe : ‘ explanations accounting for the discrepancy in thickness of 
ae sini ple Sm er oi nie aces, all of which may be related. In the first place, we have 
implying a minimum of baci oe eee 2 eee _ lances of cutyetung 
PheoHW On Ghcar'uueeacioe tee = a eats radius of curvature, and considerations of the wedge 
the two condidona sited 1, wig bets lead us to expect tension equilibria to differ under 
Ghaedage telat poner : e : oy d appear to have been published references to the variation 
somewitat temiariable oa reba [ have Deen unable to trace them. In any case, it seems 

able that this obvious point of interest should hitherto have escaped comment, 
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ABSTRACT. 


Attention is called to the infinite possibilities of obtaining the Kinstein equation for the orbit 
jof a planet by using Newtonian mechanics with an extended potential function. The merits of 
the other two “ crucial phenomena ”’ as such are discussed from this point of view. It is implied 
‘that, observational tests being equally satisfied, Finstein’s theory is to be preferred on account of 
its extensive unity and the spontaneity of its results. 


‘SUPPOSE that in the Einstein theory of general relativity the field is.such that 
the fundamental quadratic form can be written 


ds?=Vde—dl?, ee te Bees ei 
where GR =A adxa% (1, R=1, 2, 3) Pee ae a") 


is the line-element of three-dimensional space, and V (a function of the x; only, as 
are also the a;z) is the velocity of light at any point of that space. Such a field is 
said to be static... The equations of motion of a particle moving in such a field are 
dx Ai Aa% 
72 “2 (ap, 0; aR 0) 0 GU ae IE OE 


a, 3 


The equation for which w=4 reduces to 
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Putting x,=¢ and integrating, we obtain 
dt a 
ds Ve 
a being a constant of integration. The remaining three equations of motion can 
then be written 
dX; ygik 0 
at? k Ox, 
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where the a are the contravariant components associated with the ajz. 
The acceleration at any point, therefore, depends partly on the velocity of the 
particle itself and partly on a “ force function ” X defined by 
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Thus the initial acceleration of a particle placed initially at rest in the field may 
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be regarded as due to a field of force derived from a potential function —}V*. This 
may be compared with Finstein’s result* that, for weak gravitation and for matter 
moving with velocities small compared with that of light, —}V? is (to a first ap- 
proximation in that case) the Newtonian gravitational potential. 

This relatedness between an Einstein quadratic form and a Newtonian potential 
function is of great use when we wish to examine the distribution of matter giving 
rise to a certain quadratic form. But the consequence to which it now seems 
desirable to call attention is the existence of endless possibilities of ‘ explaining ” 
the “crucial phenomena ”’ of Einstein’s theory without appeal to that theory. 

The well-known quadratic form for the field of the sun is that of Schwarzschild, 


—1 
as*=c* (1 mm) ae—(1 =) dr?—rd@?—rsin 2Odg? . . . (3) 
y y 
where m=yM /c?, M being the mass of the sun, the constant of gravitation, and ¢ 


the velocity of light in the absence of gravitation. 
The differential equation giving the orbit of a planet in this field is 


M 
a ee 


where u=1/r. 

Denoting the right-hand side of this equation in the usual way by P/(h®u*), 
where P is an attracting force per unit mass, it is clear that the rotation of the apse- 
line can be accounted for under Newtonian mechanics by substituting a new law of 
force for the usual P=yMu?. From such a force P a corresponding potential @ 
can be found by integration through the relation 


P=? —., oe Se ek ee 


Now (3) is not the only form in which the field of the sun can be expressed. 
It has been shown explicitlyt that the variable y may be replaced by any function 
of ry. This is interpreted as equivalent to adopting a different method of measuring 
vy. Such a substitution in no way affects the amount of rotation of the apse-line 
of the orbit. To every function R of ry which may be substituted in (3) corresponds 
therefore, through (4) and (5), a potential Q which, under Newtonian mechanics 
and with the appropriate mode of measurement of 7, will yield the required rotation 
of the apse-line, All these potentials are, however, merely different representations 
of one and the same field, and it is not this arbitrariness which gives rise to the 
endless possibilities mentioned above. But in discussing these it is important to 
obviate the arbitrariness, and to do this we shall adopt a‘‘ canonical form ”’ for ds?, 
guided by the researches of Levi-Civita on this point.t 

This geometer has written in (1) and (2) 


V=c(1+U), ae eee Were we 
A, =O" +e, (3, b=1) 2,5), 8 5 ee 
* Ann, der Physik, 49, p. 187 (1916). 


+ Phil. Mag., 45, p. 726 (1923). 
ft Rend, dei Lincei, Ser, 5, 26, ii, p. 307 (1917). 
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where e,* and U are small quantities of the first order compared with unity, and 
0;* is equal to unity or zero according as 7 is or is not equal to k. Hence 

dl?=do?+- ade, dXxp, 
. Vy, 


where do? is the line-element of Euclidean space. He then shows that every value 
of U satisfying the Einstein gravitational equations for a static field is a solution of 


tie One ok ms ea es 


the Laplacian operator relating to do? and not to d/?. Conversely, to every harmonic 
function U corresponds a possible Einstein field. Further, by a proper choice of 
the spatial co-ordinate system, the quadratic form corresponding to any Newtonian 
potential c?U can, to our order of approximation, be written 


ds*=c#(1—2U)d#®—(1+2U)do® . 2 . . . (9) 


When the co-ordinates are chosen in this way they are referred to by Levi-Civita 
as canonical. We cannot do better than select our canonical co-ordinate system 
by the same criterion. : 

The form to be taken as canonical for the sun’s field is, therefore, the “ isotropic ’ 
form of (5)*, namely, 


, 


m\?2 m\~* m\* 
2=¢? (1—— Poof le | do 2. wes ss (10 
Soe ( a) ( nee) a ( ce : ey 
which may be obtained from (3) by the transformation 
m\* 
=R(1+— Pee a uk mle. ease, sqae. es HELL 
v R( +3) (11) 
Phe corresponding equation for the orbit becomes 
du yM_ ..y?M? 
a _ 12 
digi!” i ae ch? U2) 


vhere now u=1/R and powers of Mu above the second have been neglected. Hence 
the canonical expression for P is given by 


22 " 
“=Mt 0 ape Oh ae Noe Mime eels) 

ind that for Q is, by (5), 
Q=ChyMup 3s Beer ant 3 1 Se pean 9 Ue cn 


> being a constant of integration. . 
But owing to the weak nature of the sun’s field and the consequent approxima- 
ions which it is permissible to make, any form of Q, which can be expressed in a 


* Hill and Jeffery, Phil. Mag., 41, p. 23 (1921), It is important to notice that (10) agrees 
vith (9) onlyif we neglect powers of mu above the first, whereas only powers above the second 
uay be neglected in (12) to obtain the Hinstein correction term. 
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convergent series of ascending powers of Mw whose second and third terms agreé 
with (14), will yield the desired result for the rotation of the apse-line. Such a 
potential is given by 


2 6U\? +4 , 
Case (cS) 4... 
6~+1)\ op 
where UsyMa. . 1. . LY ee 
This function can be expanded in a series of the kind required provided 

6U 
— Los at pee ve te, ge er 
ap| < (17) 

For p=O we find AO E28 i 

p->0 

so that we revert to the ordinary Newtonian potential. This corresponds with 


the fact that the quadratic form (9) will not give the Einstein correction term for 
the motion of the planet; the exact form (10) must be used and approximations 
made afterwards. 

* The possibilities thus opened up were forcibly exemplified in a recent interesting 
Paper by Dr. G. Temple,* the basis of which was a relation by which mass varied 
with potential. On that hypothesis the ordinary Newtonian equation 

ary 0Q 


as fe G=al,,2, 3). . A Fe 
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could be used provided a “ proper time’ t was employed in conjunction with 


Q=0 (1480) eee. 


k is a constant involved in the fundamental relation, and to give the required result 
for the planet Mercury it must be taken as —2/c®, 

Now it is not difficult to start with a potential Q given by (15) and to deduce 
the relation between M and U which must exist in order that the equations (18) 
may be used with the same definition of t. The differential equation in M and U 
proves integrable and the result is 


3K2%(p-+1)(p-+-2)M2U®= M2 {KU(p+2)(1+-KUP 4 (1+ KUP24I}. (20) 
where K= <6 we © 4 oe « 


For p=0, which, as we have seen, is the Newtonian case, (20) gives M=M,. F@ 
p=—8 (20) and (21) yield respectively 

M=M,*(1+KU)-2?; K=—2/c; 
which is the particular case considered by Temple. In a first approximation (20 
gives M=M,(1-++2U /c?) 
which is independent of /. 


* Proc. Phys, Soc., Vol. 37, p. 269 (1925). T regret being unable to incorporate Dr. Temple’ 
notation here. His ‘‘ U” is of the opposite sign to mine, 
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The description of electromagnetic phenomena on Temple’s hypothesis is no 
argument for his particular ‘‘ apparent ’’ potential as opposed to any of the other 
possible ones, since it requires a different value for & from the one required for gravi- 
tation. ‘ 

For the displacement of lines in the solar spectrum the general relation (20) 
gives the same result, in a first approximation, for all values of p, and this result 
is twice the Einstein shift. 

For the deviation of light in passing the sun it is enough to observe that the 
equation of motion of the light pulse is to be obtained from the exact equation (4) 
by making / infinite, the resulting equation being 


d2u 
do? 


mnt Oe ve Sa 1 Gh sh i eet. Winer (a) 


_ which gives the Einstein deflection of 4m//\, where /\ is the perpendicular distance 


-from the centre of the sun to the grazing ray. The light pulse, therefore, behaves 

dike a particle of zero mass, and its deviation is entirely due to the Einstein correction 

term. Any theory which accounts for the advance of perihelion of Mercury by an 
emendation of the Newtonian equation of motion will, therefore, account also for 
the deflection of light in passing the sun, since the same correcting term obtains 
in each case. Any value of # in the relation (20) will thus account equally well for 
the two phenomena. 

If it were originally surprising that Einstein should succeed in explaining the 
outstanding discrepancy in the motion of Mercury, it must have been more sur- 
prising since that the discrepancy should be explicable in so many ways. White- 
head’s theory of relativity accounted for it, and that in a generous manner, for it 


contained three laws of gravitation which might be adopted in the absence of an 


electromagnetic field. The first of these is Einstein’s law ; the second yields exactly 
the same equations of motion ; the third can be made to do so by appropriate choice 
of a certain arbitrary function.* Subsequent theories have aimed rather at account- 
ing for this particular astronomical phenomenon than at building up a consistent 
theory of space, time and gravitation. But that much was already accomplished 


under Newtonian mechanics. I am not aware that even the most ardent opponent 
of Einstein’s theory has ever accused him of inventing the theory in order to account 
for the discrepancy in question. Ars est celare artem. If such a charge were true 


Einstein would deserve even more admiration than has hitherto been accorded to 


‘him. The latest theories do not pretend to explain the discrepancy, but yield only 


a fraction of the usual result, and that in the opposite direction—a consummation 
devoutly regarded by some, since too close agreement between theory and experience 
would leave no room for future discovery or for the perturbations due to other 
planets. 

It has not been my purpose to put forward a plausible hypothesis to account 
either for the single phenomenon under discussion or for the other phenomena which 
a comprehensive theory is required to explain. Rather have I tried to indicate 
that the motion of perihelion of Mercury can be accounted for in a very large number 


* Temple, Phil. Mag., 48, p. 277 (1924). This is very different from the arbitrary 


_ function occurring in the Schwarzschild solution, for the rate of rotation of the apse-line is the 


same for al] values of the latter function ; it is not necessary to assign to it a particular ex- 


pression in order to obtain the correct result. 
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of ways, of which only a few have so far been advanced, and that consequently 
its choice in the first place as a “ crucial”” phenomenon was unfortunate. Seeing 
how the deviation of light (in passing the sun) is bound up with it, and having regard 
to the state of our experimental knowledge of the vibration-of atoms in a gravita- 
tional field,* it would appear that until an application of Einstein’s equations can 
be found which depends on more than one of the ten coefficients of his fundamental 
quadratic form there will be little hope of discriminating between his theory and 
endless others which can be built up by using a single potential or, as Eddington 
has pleasantly put it, by “ tinkering with Newton’s equations.” 


* ADDENDUM. 


Since the above was written it has become known that Einstein’s prediction 
of the spectral shift has been verified in a remarkable manner by observations of 


the companion of Sirius. It may, therefore, transpire in time that this once dis-_ 


puted and despised phenomenon is the very one of the three advanced as crucial 
which will be decisive as between various theories. But had the prediction been 
proved false the fault might have lain not in the relativistic theory but in Einstein’s 
assumption that the period of vibration of the atom is unaffected by a gravitational 
field. For that reason I am loth to regard the spectral shift as a phenomenon more 
crucial than the others. 

DISCUSSION. 

Dr. TEMPLE: A curious difficulty arises in connection with equation (12), which is quoted 
from the paper by Hill and Jeffery. On making h->o in the Schwarzschild equation (4), we 
obtain the equation to the curvilinear path of a light pulse (22) ; but on making h-> in equation 
(12), we obtain the equation to a straight line. The solution of this difficulty depends upon 
an important distinction between the orbital equations obtained from the line-elements due to 
Schwarzschild and to Hill and Jeffery. The equations of motion derived from both line-elements 
issue in an equation analogous to Kepler’s law of the constancy of areal velocity and in an equation 
analogous to the Newtonian law of the constancy of the total energy (potential + kinetic). 
The symbols a and hf denote constants of integration figuring in these equations and retaining 
the same numerical value no matter which line-element is made the basis of our argument. In 
both cases we may deduce from these two equations a third equation which determines the form 
of the orbit. But, whereas Schwarzschild’s line-element leads to an equation involving only the 
constant h, the line-element of Hill and Jeffery leads to the equation 

du Dh eae mu 
aa —c ) + oye (15a? —3c*) © 8 at OE Re 
which involves both of the constants aandh. (N.B— Powers of mu higher than the second haye 
been neglected in obtaining equation A.) 
In problems of planetary motion we may introduce the approximation— 
a=6 
and thus deduce from equation (A) the equation given by Hill and Jeffery and here numbered 


(12), But in the problem of determining the deviation of rays of light by the sun, not only must 
we make i>, but also we must let a> ow, while— 


h 
aa finite constant, A, 


subsequently to be identified with the perpendicular from the centre of the sun on to the track of 
the ray of light. We then obtain from equation (A) the relation— 


au 2m 15m*u 
agit MT oat 


which agrees with equation (22) in yielding the result 4m/A for the angular deviation in radians 
of the light from a distant star. 
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It is an interesting exercise to deduce equation (A) from the Schwarzschild equation (4) 
by means of the transformation (11). It may be mentioned that the labour is considerably 
lightened by identifying not the equations themselves but their first integrals, namely :— 


du\2 2m a*—c 
(5) +u2= 7 eu+2mu > + yi (Schwarzschild) 


and 


(+ Se 2d for mu 
= +u pe | a*—c*)u+ 


ery 
15a*—3c?) + (Hill and Jeffery). 
he 


h? 


AUTHOR’S reply : The difficulty mentioned by Dr. Temple had presented itself to me, but 
I was satisfied that it was purely analytical. The Schwarzschild solution and the Hill and 
Jeffery solution are merely different pictures of the same field, and I realised that the invisibility 
of a certain feature in the second canvas was due not to bad painting but to injudicious hanging. 
I am grateful to Dr. Temple for so illuminating the scene that the feature in question hecomes 
easily apparent. 


The transformation (11) was quoted for transition from (8) to (10). 
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DEMONSTRATION OF AN INSTRUMENT FOR IMITATING THE EASTWARD | 


DEVIATION OF BODIES FALLING FROM A GREAT HEIGHT. 
By G. R. MATHER. 


* 2 7 . 
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|F a body, initially stationary with respect to the earth, be allowed to drop from a — 


height, it will appear to move eastward as it falls. Newton suggested that this 
phenomenon might possibly furnish a measure of the earth’s rate of rotation, and 
a photograph of his autograph letter on this subject was shown. The curve 
showing the trajectory with respect to the earth, as drawn by Newton, was 
convex to the radius vector drawn to the initial position ; and Prof. Rankine, in 
introducing the demonstration, gave an analysis showing that this drawing is correct. 


Many astronomical text-books, however, give the curve as a parabola concave to the ~ 


initial radius vector, and the apparatus is designed to show the true state of the 
case. 


The apparatus comprises a large horizontal rotatable table on which a sheet — 


of paperis mounted. A weight carrying a tracing point is designed to slide easily 
over the paper and is attached to a thread which passes down through a hole 


at the centre of the turntable ; a second weight is fastened to the other end of — 
the thread, and hangs vertically below the turntable. The table is set in ~ 
rotation by a gravity motor comprising a weight attached to a string, which is 


wound round the spindle, and when the motor has gone out of action, so that 
the speed of rotation is constant, the thread is automatically cut, so that the 
tracer-weight may be drawn in towards the centre from its initially peripheral 
position, The curve traced is very similar to that sketched by Newton. 

The demonstration acquired a personal interest from the fact that Mr. Mather, 
Who is now 85 years of age, became interested in the subject at the age of 14 


through an accident which befell him when playing with a joy-wheel improvised 
from farm machinery. 
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